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The disposition of IIdocaine and Its mondeethylated metabolite, 
monoethyiglycine xylidide (MEGX) were studied In the perfused rat liver 
in situ preparation in an attempt to discriminate betwden two widely used 
models of hepatic clearance. In one model (Model |), the liver is regarded 
as a well stirred compartment with the effluent unbound drug concentration 
in equilibrium with that In the liver. In the other (Model 1), the liver 
is regarded as a we number of paral lel identical units with enzyme | 
distributed evenly Throughout the units. 


aA 


A theoretica| analysis of the response of various parameters to 
changes In organ blood flow, plasma protein —, and/or wt th 
partitioning and a hepatocellular enzymatic activity term, A' Ind lente 
that the two models behave differently and that maximum discrimination 
Is achteved by-moni tor ing the influence of blood flow and plasma protein. 
binding and/or blood cell on the availability of a highly 
| ‘drug | under steady state and conditions. Under conditions where 
= Idiscrimination between Models | and was performed 7 
the Inftuence of hepatic blood flow on the availability or the effluent _ 


concentration of a highly cleared drug under steady state and | inear 


The perfused rat liver in situ preparation was viable for at least | 
2.5 hours. In single passage perfusion experiments, the extraction of L, 


ad 
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- Judged by measurements of the difference in concentration of drug across 
the tiver end lack of uptake by the liver, was greater than 99.5%. 
Steady state was achieved within 20 minutes and the system was linear at 
influent concentrations below 7 mg/L. When operating under steady state 
and linear conditions for L, the response of the aval lability of L and 
the resul tent effluent concentration of MEGX to a stepwise change In 
hepatic blood flow (10-16 mis/min/1 Iver) were best predicted by Model |. 
‘The onalysis Is based on the assumption that the hepatocellular enzymatic 
activity remains ‘constant with time and changes in blood flow. To exclude 
the last possibility, the Influence of hepatic blood flow on the clearance’ 
of a poorly cleared drug entipyrine | was studied. 
Theoretically, according to both Models | and I, the clearance of 
a poorly cleared drug equals the term A' and is Independent of perfusion. — 
Single passage and recirculating experiments indicated that tm extraction 
ratio of ranged between 0.04-0.08. In confirmation of the 
‘prediction, the hepatic clearance of antipyrine in recirculatthg experi- ~“ 


ments did not vary with changes In blood flow between 8-16 alsfnte/ lyer. 


When the MEGX, was Infused into the rat liver 
preparation under steady state and linear conditions concentrations * 

(concentrations <0.5 mg/L), the extraction ratio ranged between 0.7-0.9. 
This information together with the MEGX effluent concentration following 


infusions of L, suggest that at least 30% of L Is deethylated to MEGX In 


the rat. In some single passage experiments, the availability of MEGX 


with blood flow changes between 10-16 mis/min/liver were best predicted by - 
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Model |. In other experiments, neither Mode! | nor |! satisfactorily 
~~ predicted the observations. The explanation for this discrepancy remains 


unresolved. 


The appearance of the metabolite (MEGX) In the perfusate generated 
from L with flow changes under linear kinetic conditions for L and MEGX 
was again better predicted by Model |. The onstysis is based on the . 

_ assumption that the fractional conversion of lidocaine to MEGX is 
constant and that the models can adequately describe the kinetics of 
MEGX. 


Several single passage experiments were performed with L and MEGX 
separately using Input concentrations (4-84 mg/L) which capacity limited 
the enzyme system(s). Attempts to satisfactorily fit the observations _ 
based on Models | and II, scouning a single-enzyme system, were partially 
successful, although predictions based on Model | tended to give a potter 
fit of the data. Various exp |anat ions for the discrepancy are pine 
including deterioration of the liver preparation with time or high con- 

centration of drug, the presence of multiple enzyme system of widely. 
: differing values of Vmax and Km, and end product inhibition. The possibi- 
“itty of MEGX diminishing the clearance of L was Investigated by adding 
igs varying concentrations of MEGX (0-13 mg/L) to the perfusate containing a 
low concentration of L In three single passage experiments. A concentration 
dependent Inhibition of L by metabolite MEGX was demonstrated In al! cases, 
although considerable variation existed between experiments. 


Al} the data with L, MEGX and antipyrine point to an acceptance of a 


‘ 
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mode! of hepatic drug clearance which conceives of the liver acting 


operationally as a well stirred single conpertuent, with the effluent drug 
Concentration in equilibrium with that In the liver (Model 1). The tmplica- 
tions of this mode! in pharmacokinetics, therapeutics and drug metabo! ism | 
are several fold. For hepatically cleared drugs given orally on fixed 
dose-fixed interval dosage regimen, the plateau plasma concentration Is 
Independent of hepatic blood flow, and depends only on the rate of drug 
administration and the Intrinsic hepatocellular activity term At and the © 
“degree of protein binding (a) and/or blood cell partitioning (function AT 
Thus for such drugs, whether highly or poorly cleared, the sole source of 
variation in the plateau concentration in a population reserereg the same 
rate of administration result from variation in the term A',a or A. Similarly, 
according to Mode! |, the total area under a blood concentration-time 
curve following oral administration also depends only A‘, a and aA-and is 
Independent of hepatic blood flow. Estimates of Vmax, Km are frequently 
made from peripheral plasma or blood concentration-time data. Estimates 
of Vmax are essential ly Independent of the model used, but according to 
Model |, there is an overestimation of Km for highly hepatically cleared 
drugs. An estimate of the true Km can be made if Vmax and hepatic blood © 
flow are known. Sa | 
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1. INTRODUCTION 


A. History: Clearance - A Concept 


The concept of comparing simultaneous blood and urine concentrations of 
a given marker as an index of renal function appears to have been introduced 


by Grehant In 1904 (1), who used the ratio of urinary urea to blood urea — 


concentrations as an Index of renal functional capacity. The effect of 
changing the volune of urine on the concentration of urea was however, dis- 
regarded. Ambard and Weill (2) were the first to include both urea output ° 
and urine volume in an attempt to rotate urea excretion quantitatively to 
urea content of blood, and so paved the way for the clearance formule. 
Although the actual clearance: formula was first suggested by Thomas Addis 
in 1917 (3), ‘the term was first used by Moller and co-workers In 1929 (4). 
They defined the clearance of any substance as the volume of biological 
fluid that is.cleared of the drug per unit time. ‘This is not a resi 
volume. As blood passes through the kidneys, no single mi of blood has 

all of its ures removed in one transit through the kidney; rather a 

little urea is removed from each of the many mi of blood perfusing the 
kidneys. One may add up this urea and express it as though it were derived 
by completely clearing a much smaller volume of all of its contained urea. 


The concept of clearance not only applies to the kidneys but to other 
eliminating organs Irrespective of the process or mechanism involved. The 
concept of hepatic clearance appears to have been first introduced by 
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Lewis (5) and relates to the ability of the liver to eliminate drugs. 
Clearances of bases by the stomach have been reported in dogs when drugs 
are = intravenously (6) while the lung as a clearing organ for endo- 
genous (7,8,9) and exogenous (10) has been wel! 


Strictly speaking, clearance should be defined with respect to the 
eliminating organ, the sampling site and the elimination process Involved. 
For example, the clearance of a drug associated with metabolism by the 
liver and measured In blood ts its hepatic blood metabolic clearance. 
Generally, plasma is the site sampled and reference is always made to 
- plasma clearance unless stated otherwise. Blood clearance can be calculated 
directly if the concentration in blood is measured, or from plasma clearance 


when the ratio of the concentration of drug in’blood to plasma is known (11). 


Drugs are eliminated In various ways and by different organs. Total 


clearance Is a term used to denote the sum of the clearances by each 


_ eliminating organ. Total clearance is usually determined from intravenous 


Although 


clearance can be determined at any instant by a direct measurement of the 


bolus or constant Intravenous infusion studies (12, 13). 


drop in concentration across an organ, what usually determined is the time- 


value (14) and when the system is | Ineare the time-everage clearance 


equals the steady state clearance (14). 


| 
B. Clearance Concepts In Pharmacokinetics and Therapeutics 


Clearance concepts play an aarstiiasiel role in pharmacokinetics and 


1. As a Determinant of Half-Life : 


elimination of a drug by 
organ Is the product of its clearance and entering eenoentretion, 10 
the simplest case, the linear open one compartment model, clearance 
(Voy) can be expressed as 


Vor =k. Vy Equation | 


0.693. 


where k Is the elimination rate eunstent, Vy is the volume of distribution 
and ty Is the half-life of the drug, that is, the time It takes for the — 
enount of drug In the body (or plasma ’concentration) to fall by one-half. 
And so, for a given clearance, the larger the volume of distribution, the 
longer the half-life of the drug. | 

In eae mu!ticompartment models, the relationship between clearance 
and the half-life associated ~ the majority of drug elimination is more 
complex, but a strong dependence of this half-life on clearance stil! 
exists (15). 


2. Asa Determinant of the Plateau Concentration 


Following a constant Intravenous infusion, the steady state concen- 


tration is control led 


5 


only the rate of infusion and the total clearance 


4 
. 
‘ 


of the drug (12). A correction must be made for the availability (F) 


when a drug is administered extravascularly. An understanding 6f the 


factors which Influence drug clearance predicétons of steady. 
Knowing the twtel ebesbenes the equations relating steady state concen- 

tration to infusion rate have been extended to predictions of plateau 
concentrations achieved with fixed dose-f ixed time interval dosage 

regimens (20). Here the plateau concentration is the time-average 

concentration during the dosing interval at the plateau (12). These 

equations, or modifications thereof have been some of the most widely 

used in the clinical application of pharmacokinetics (21). 


3. As an Assessment of Availability 


Clearance can influence and Is used to assess the availability of a 
drug. Availability is defined as the extent to which an edntatevered 
material reaches the point of measurement, slants a peripheral venous 
site. The route of administration can influence drug availability. The 
intravenous route of administration circumvents the process of absorption 
by Introducing the drug directly into the phone stream. Most drugs, however, 
are given orally, and some of them are poorly available. This may be due to 
the failure to cross gastrointestinal epithelium (22), degradation in the 
lumen of the gastrointestinal tract (23), or complexation with the luminal | 
contents of the gastrotntestt nal tract and hence removal with the feces (24, 
25), Other compounds (26) may be poorly available —— a significant | 
fraction is removed by hepatic extraction before the drug reaches the 
systemic circulation, a phenomenon known as the "first-pass effect" (27). 


— 
> . 


For any linear kinetic mode! availability (F) Is related to dose, the 
total area under the blood-concentration-time (AUC) and the blood clearance 


of we unchanged drug by: (20) 
F = Dose | Equation 2 


: For owe given intravenously, F is unity so that the 4 ents the 
aval lability between. extravascular and intravenous dose gives the absolute 
value for the aval tabi! ity of the extravascular dose. Relative availability 
is the ratio of the availability of two extravascularly administered dosage 
' forms. in either case, the most common method ‘of assessing the ratio is | 
based on Equation 2, and conperes the AUC following the different routes of 
stration or different dosage forms end correcting for differences tn 
the dose (20). This method is applicable to single or multiple _ 
situations (12) but In each case it Is assumed that total clearance Is constant | 
with concentration and time. Assuming that the ratio of renal to total clearance 
remains constant, drug availability has also been conveniently determined by 
‘comparing the ratio of the cumulative amount of drug excreted unchanged In 
urine (20) for both single dose and multiple dose studies. 


4) As an Assessment of Organ Function 


| A variety of tests, based on clearance considerations have been devised 
to assess the degree of impairment of organ function. Urea and inulin (28) 
have been used to assess the glomerular filtration rate. The hepatic 


clearance of bromosulphtalein (BSP) (29, 30, 31) indocyanine green (32,33), 
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galactose (34,35,36) and antipyrine (37) have been used as measure- 
ments of liver function. ‘The efficiency of hepatic extraction of colloidal 
chromic phosphate CrP0, |(38), colloidal gold (39) and thorotrast (4) 


have also been used as tests for liver function. 


C.. The Liver: An Eliminating Organ . 


1. Anatomy 


The liver Is the major organ for metabolism of most eumpeuite and 
together with the excretory function of the kidney, plays an Important 
role in the at telention of drugs. Anatomically, the liver Is a lobular 
) orgen interposing between the gastrointestinal tract and the general 
circulation. If 1s the largest organ In the body, about 3% of the total 
; body welght (14) and receives a total blood flow of about | mi /min/gm 
liver of which 20-30% is supplied by the hepatic artery. The remainder 
enters as deoxygenated blood at low pressure and in a steady non- | 
pulsatile stream via the portal vein, which drains blood from the ssiéen; 
pancreas, and gastrointestinal tract (42,43). The norma | portal vein 
pressure In the rat is 12-14 cm blood and in man Is 7-10 mm Ho (44). 
The portal venous tree branches out to:an extraordinert ly high degree 
(Figure 1) (45). This highly ramified portal tree in turn pours its 
contents Into a sinusoidal bed which forms a continuous meshwork of 
interconnected blood spaces, interpenetrated by an equally continuous | 
system of convoluted sheets of liver parenchyma cells, and lined by a 
delicate endothelial cell sheet. Any element of blood within the sinu- 


soidal bed can reach another part of the sinusoidal bed within the organ 


« 


Figure 1. Blood supply of the liver (45) 
The relationship between portal venous and hepatic 
arterial supply Is shown; both systems supply the 
sinusoids which separate sheets of liver parenchyma 


cells. 
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without leaving this section of the vascular tree. 


The hepatic artery arises from the coeliac axis, a branch of the 
aorta that arises just beneath the diaphragm. It is not only connected 
to the porta! vein by cross anastomoses but also supplies a capillary 
plexus which enmeshes the bile ducts in particular and drains into the 
portal vein or to a smaller extent Into the sinusolds (46). 


Venous blood emerges from the sinusoids to enter the hepatic veins. 
These vessels have a very ohert course outside the liver before entering 


the inferior vena cava. 


Histology 


Histologically, the liver is a continuous mass of parenchyma eeitie: 

(about 60% of cell population) tunnel led by vessels and sinusoids. Apart 

Y aon the liver parenchyma colis, there are flat "littoral" or Kupffer cells 
(30%) which line the sinusoids and have a phagocytic action (47). Connective 
Tissue, substences which occupy space and resist deformation are present a 
the liver. This connective tissue Is divided into lobular, vascular and 
capsular portions. The greater part of the noncapsular collagen of the 

~ liver Is found associated with vessels larger than the sinusoids. Reticular 
scaffolding of lobular portions of the tiver 1.6. adjacent to 
the sinusoids, appear slight. The slightly scaffolded plates of — 
parenchyma, with their endothelial lining, are suspended in their blood 
matrix between the meshes of a network of rather solid portal tracts 


2 
- 


interlaced by a corresponding network of hepatic vein branches. 


3. Function of the Liver 


The liver plays an important role In almost all phases of Intermediary 
metabolism and assists In the regulation of body fluids. It ts the major 
organ for drug blotransformation (48). During their passage through the 
liver, substances are generally converted by a multi-enzyme system to 
more polar excretable forms. Additionally they may be excreted via the 
bile, a complex isotonic solution containing pigments (derived from the 
breakdown of porphyrins), bile saits, cholestero! ai lecithins In the 
micellular: form and Inorganic otectretytes. Discrete transport mechanisms 
are present which contro! the secretion of a wide range of endogenous and 
foreign substances into the bile. The secreted substances can be reabsorbed 
through the gastrointestinal tract back into the blood stream and thereby 
completing an enterohepatic process (49). There Is also a coplous 
lymphatic drainage to the liver, in the Spaces of Disse and beneath the 
liver capsule. However lymph flow is more sluggish than bile flow and 
hence is viewed as an Insignificant route of drainage (45). 


4. Hepatic Clearance and Oral Availability 


When given orally, some compounds which are highly extracted by the 
liver may be transformed to Inert or less active metabolites and hence 
fall to reach an effective concentration in the blood (50, 51). This 
is due to the "first-pass effect". After this initial extraction by the 
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liver, the fraction of the dose that Is available or the extent of 
availability (F) Is given by: 


Fe | -R Equation 3 


For highly cleared drugs, variations te the extraction ratio (ER) 
will cause large variations In the avallability.(52). Availability can 
be estimated by the comparison of the AUC for a single oral to that of 
~~" an Intravenous dose for the same amount of dose given. A correction. 

_ for the doses needs to be ante if different doses are used. The basis 
of thecompar Ison of the AUC's for the ebtntin of F Is that total 
clearance is constant with concentration and time. Gibaldi et al also 
‘showed @ method for the estimation of F under the same assumptions using 

only oral data (AUC,..;), hepatic blood flow and the dose (27).. 


D. Factors Affecting the Hepatic Clearance of Drugs 


Hepatic clearance Is dependent upon the mass of functional cellular 
elements available as well as upon circulating factors and regulatory 
mechanisms. The Interrelationships between these variables are depicted 
schematically (53) | 


Hepatic clearance = Total Hepatic | 
| Blood Flow Extraction Ratio 


= Liver Mass X Tissue Perfusion xX Extraction Ratio 


= Liver Mass X Perfused Fraction X Effective Tissue 
Perfusion 


X Extraction Ratio 


= 
> 


|. Liver Mass 


Most hepatic processes involve enzymatic mechanisms. Therefore, an upper 
limit for reaction velocity must exist for each process. These maximal velocity 


must exist for each process. These maximal velocities are proportional to the =~ 


functional liver mass, which depends not only on the total cellular amount of — 
enzymes, but also on the evenness of perfusion and the presence of inhibitory 
or accelerating factors (54). 


2. Blood Flow 


Hepatic clearance can also be Influenced by liver blood flow. Liver | 
blood flow can be estimated by injection of substances such as Indo- 
cyanine green (ICG) (55), bromosulphalein (BSP},!3!1 rose bengal, 

1984 (56) and ethanol (57). Liver blood flow es reported by Brauer | 

is 1.0 to 1.5 mi/min/gm Siver in man, dog and the rat (58). Fischer 

reported the work of eighteen Investigators on hepatic blood flow In es. 
dogs to be 34.6 mi /min/Kg of body weight (1.1 mi /mtn/gm liver) (44). | 


Greenway and Stark reported similar findings in conscious dogs and for 


cats the value is 1:34 mi/min/gm liver and for man, 1.04 mi /min/gm liver (42). 
Blood flow to the liver is known to be affected by blood pressure (53, .59) 

metabolic and nervous contro! (42, 44), as well as some pharmacological 

agents. Blood flow seems to be affected by posture; as the upright position 

decreases hepatic blood flow by 40% as compared to the supine (60). 7 

Pathological conditions are known to cause decreases in hepatic blood flow. 


Disease states as cardiac failure (61), liver cirrhosis (62) and 
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hepatitis (44) all result In a decrease in hepatic blood flow. In some 
cases, a decrease to one-third of the normal value was reported. However, 
liver blood flow can Increases upon the administration of substances as 


phenobarbital (63) and cortisone (44). Thus within the realm of 


physiological interplay, the range of hepatic blood flow varies from 
0.5 to 2 mi/min/gm liver. 


3. Oxygen 
Oxygen Is a prerequisite for Integra! cellular function. Most of the 
oxygen supply to the liver comes via the hepatic arterial flow rather than 
the portal vein. Hepatic oxygen consumption as measured by the sum of 
(hepatic arterial flow X hepatic artery-hepatic vein difference) and | 
(portal venous flow X portal vein-hepatic vein difference) In:the dog Is 
1.9 mi/min/kg of body weight (2.0 mcMole/min/gm liver)(44). The Isolated rat 
liver preparation has a similar value of 2.2 mcMole/min/gm liver (45). 
Cumming and Mannering (64) found that in both the Intact rat and the 
isolated rat liver preparation that the rate of hexobarbital metabolism 
was constant when the enebe tension in the arterial blood was maintained 
above 45 mm Hg. Below an oxygen tension of 45 mm Hg In the arterial 
blood, a decline in the rate of hexobarbital metabo! ism was observed. The 
effect of hypoxia on liver function was also studied In the Isolated 
pertused pig liver preparation (65). No functional paremeter, Including _ 
galactose elimination capacity (GEC) as a measure of functional! hepatic 


mass, showed any significant change when the po. in the hepatic veins 


exceeded 30 mm Hg. Below this value, parallel! decreases in GEC, oxygen 


uptake, ATP In liver tissue and ATP/ADP occurred while AMP in liver tissue 


and lactate/pyruvate ratio increased. 


Little Is known about the sensitivity, of the hepatic clearance of 
drugs to temperature. A drop in the temperature frofiSZ°C to 20°C 
resulted in a decrease in blood flow, bile flow as well as extraction of 
radiocolloid chromic phosphate in the Isolated rat liver preparation (66). 
Temporary cooling produced no permanent changes, and recovery upon re- 

g Morning was complete. Other studies (67, 68) which utilized hypothermic 
perfusion as a method of liver storage found no Irreversible damage when 
_ function was assessed. | 


5. Plasma Protein Binding 


Most drugs are bound to plasma proteins. The degree of binding varies 
with the drug, protein involved, and the concentration of both species. 
Binding may be: lativenced by the presence of other. drugs (67) and disease 

states (70,71,72). Equilibrium between the smal! drug molecule and macro- 
molecule is general ly established within milliseconds and movement on and 
off proteins Is easily facilitated. Whether changes in plasma protein 
binding will influence the hepatic clearance of a drug depends on its 
hepatic extraction (73). Alterations of protein binding are unlikely to 
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affect the hepatic clearance of highly extracted compounds such as | idocaine 
and propranole! (74) 75). lt is only with the poorly’cleared compounds that — 


a dependence of clearance on plasma protein binding is anticipated. An 


example is warfarin, whose hepatic extraction ratio Is only 0.0003. A linear | 
relationship exists between its hepatic clearance and the fraction of 
unbound drug In plasma (76). The situation is analogous to the renal 


handling of a drug which is glomerularly filtered but neither secreted nor 
reabsorbed (77). 


E. Measurement of Hepatic Clearance 


1. Measurement ‘tn vivo 


Difficulties arise in measuring hepatic clearance in vivo and 
usually It Is measured Indirectly. Thus, it is taken as the difference 
between the total and renal btiiemnee assuming all extrarenal elimination 
is via the liver. This ion Is sometimes The kidney is 
known to metabolize drugs (78, 79) and blood is also known te be 


clearing “organ" for some compounds, e.g. acetylsalicylic acid (80). 


Direct measurement of in vivo hepatic clearance requires direct 
sampling of the portal vein or the hepatic artery ond’ the hepetic vein, 
and a knowledge of hepatic blood flow (26). The direct method gives a 
higher estimate of “hepatic clearance (compared to the hepatic clearance 


estimated by the AUC method) when the drug undergoes enterohepatic 
recycling. 


~ 


| 
= 


Page |5 


2. Measurement In vitro 


See __. A-widely used In vitro technique Is the liver perfusion preparation. 
Here, the liver remains intact. Fluid or blood, carrying nutrients and 


oxygen to sustain the liver In a viable state Is mechanically circulated 
through the hepatic vascular bed. The techniques of liver perfusion are 


(1) Isolated, where the liver is removed from the donor during 


perfusion. 


(2) In situ, where the liver remains in its natural anatomical 
_ position with the donor. For (1) and (2), the portal vein is 
cannulated as the Inflow and the inferior vena cava as the 


outflow. | 


(3) hepatic artery cannulation instead of the portal vein 


cannulation and 


____(4) retrograde perfusion in which the Inferior vena’cava serves 


as the Inflow while the outflow is via the portal vein (45). 


F. The Perfused Liver Preparation 


The perfused liver preparation, though employed as an in vitro 
technique, fulfills certain criteria for liver functions, and can survive 


for a sufficiently long period to allow study of Its properties. The 
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properties of the perfused liver preparations were explored by the early 
work of Brauer and coworkers on bile production (82), portal pressure (82), 


temperature (66), and flow-pressure relationships (59) with the use of 


radiocol loid chromic phosphate. 


The comparison of the functions of the isolated perfused pig ‘Iver 
to that of the In vivo pig liver (54) was done by more resent work by — 
Tygstrup and Winkler (35) and other Investigators (29). Herz et al (83) 
‘studied the excretory capacity of the Isolated perfused Iver ‘ 
bromosu! fphthalein (BSP) and compared it to the in vivo omabiae and 
- found that there was no significant difference ‘between the” two preparations. 
Protein synthesis (84) as well as protein catabolism (85, 86) were. 


demonstrated in the Isolated perfused rat liver (87). 


This preparation is widely utilized to study blochemica | pathways, 
intermediary metabolism and ti. regulation of endogenous compounds (88,89,90,91). 
Drugs studied include nortripty! ine (92), phenylbutazone (93), .hexobarbi-— 
tal (94,95), Imipramine and desmethy! Imipramine (96, 97). Other Invest igetors: 
have utilized this preparation to study altered metabolism 


of a drug with the use of an inhibitor or an enhancer (98,99, 100). 


\ 


" 
2 
> & 


THEORETICAL 


A. Models of Hepatic Clearance 


If one considers mass balance across the liver (Figure 2), the rate + 
of drug removal or velocity (v) is given by the difference between the 
rate of drug Input (blood flow (Vp) X Influent drug concentration (Ci)) 
and the rate of drug output (blood flow (¥,) X effluent drug concentration 
(Co)): 


v = Vg.(Cl -Co) Equation 4 


When the velocity is expressed relative to the rate of input (Vp. Ci), 
‘elimination Is now expressed in terms of the extraction ratio (ER) of the 


drug, thus 
Bs CT 


Alternately when the velocity Is expressed relative to the influent drug) 
concentration (CI), the efficiency of eliaination ts expressed as the 
product of blood flow and the extraction ratio, which is the blood 
clearance of the drug. 


Va (Ci - Co) 
——_ = Vv = 
cl BER = Vcl 


Equation 6 
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| Figure 2. Elimination of drugs across the liver as viewed in 
A) Mass balance across the liver 


B) Mass balance expressed relative to rate of drug entry (W,Ci) 3 


C) Mass balance expressed relative to input drug concentration (Ci) 
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Mass balance across the liver 


"Mass balance expressed relative to 


rate of drug entry (¥,,°Ci ) 


Mass balance expressed relative to 


input drug concentration (Ci) — 
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(Ci-Cod 
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Diagrammatically, the liver, an eliminating compartment Is connected to 

a non-eliminating compartment (the reservoir, or the body compartment) via 
the blood stream as depicted In Figure 3. It Is assumed that the concentra- 
tion of drug in blood entering the liver (Ci) equals that In the reservoir — 
(Cp) and similarly concentration in blood leaving the organ (Co) and 
entering the reservoir ar@ equal. Elimination can occur by metabolism or 
billary excretion In the liver. This model assumes the liver as the only 
eliminating organ. 

_ The Introduction of a bolus of drug into the reservoir (site | in 
Figure 3) is analogous to Intravenous adainistration of the drug. Here 
the drug Initially distributes into the reservoir (body) before it reaches 
the eliminating organ. When the drug is Introduced at a site just prior 
to the liver (site 2 In Figure 5), a situation analogous to the oral 
administration of a dose is created. The drug undergoes elimination by 
the liver before it reaches Its site of sampling, usually at a remote 
venous site (reservoir). Thus only a fraction of the orally administered 


dose reaches the sampling site. This fraction Is the extent of 


availability (F) as described earlier (page 4). 


Pharmacokinetic parameters can be obtained viewing this liver model. 
The extraction ratio can be obtained by the assessment of the concentrations 
of the drug before and after the eliminating organ. Their difference divided 
by the influent concentration gives the fraction of the drug extracted during 
its passage through the liver, or the extraction ratio (ER) of the orug. 
| The clearance of the drug (V c}) can be directly assessed from the 
product of hepatic blood flow and the extraction ratio. An alternative — 


method of estimating clearance involves dividing the intravenously 
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| Figure 3. Diagrammatic representation of the liver, an eliminating 


organ and the reservoir (body), a non-eliminating organ 
as a two compartment model with elimination from the 
peripheral (liver) compartment. 

The arrows Indicate the direction of blood flow (Vp) 

Ci, Co, Cy and Cp are concentrations of the drug in blood 
to the liver away from the liver, in the liver and in the 


reservoir respectively. 
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administered dose by the area under the blood-concentration-time curve. 
The area under the blood-concentration-time curve (AUC) is obtained by 
samp! ing the reservoir at appropriate times. An integration of the concen- 
tration of drug In the blood with time (o*) gives the area under the curve. 
The extent of availability (F) for an orally administered dose is given 
by (I-ER), or by a comparison of the area under the curve for an orally 
administered dose to that for an Intravenously administered dose, correcting 
for the doses given. A measure of F Is also given when the hepatic blood 
flow and the area under the curve for the oral ly administered dose is known 
(fhe. method of (27). : 


| Constant oral administration (site 2 in Figure 3) and constant drug 
Infusion (site lin Figure 3) give rise to steady state conditions. The 
steady state blood concentration (Cgics) is the concentration of the drug 
in the blood (reservoir) when the rate of drug administration equals to the 
rate of elimination such that the concentration of drug in the blood 


remains constant. 


1. Brauer's Description of Hepatic Clearance 


Early work by Brauer et al showed that an increase in blood flow 
decreased the hepatic extraction ratio of radiocolloid chromic phos- 
phate (101). In an attempt to describe the hepatic uptake of this 


assumptions: 


(1) Chromic phosphate is taken up by the Kupffer cells lining the 


sinusoids. 
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Chromic phosphate elimination may be described by first order 
kinetics. 


Clearance Is constant and independent of concentration and 


previous exposure of the liver to the radiocolloid. 


Evidence for linear kinetics was demonstrated by the log-linear 


disappearance of chromic phosphate in the perfusate in a recirculating 
experiment, that Is: 


[crPo, It, = a ve 


Equation 7 


where [ ] denotes concentration at various times tz and t,, K is 

the rate constant for drug disappearance, and t2, t; denote times 

(to > t; ). Brauer et al (102) interpreted K to be a constant incor- 
porating the rate constant for the basic reaction and the surface to 

vo! ume ratio (or the "concentration of active surface") in that parti- 
cular segment. However, in making their interpretation, they appeared 
to have erroneously extrapolated the above equation to describe the loss 
of chromic phosphate eorees the liver. They did this by assuming that 
Tt; represented the time in the porta | vein and tz the time that the 
material would appear in the hepatic vein so (to-t;) Is the mean transit 
time for the material In the liver. Even so, their model has many ve 


characteristics in common with Model || to be described subsequently. 


A model based on steady state considerations was constructed by 


Rowland et al (14) on the hepatic clearance of drugs. The basic 


assumptions are: | 


{1) The liver is viewed as a single, wel! stirred compartment. 


(2) Distribution of drug Into the eliminating organ Is perfusion 
rate |imited. 


(3) The concentration of drug in the eliminating organ 
equi | tbrt um with that in the effluent venous blood. 


A diagrammatic representation ts depicted in Figure 4. 


If one considers mass balance, by Fick's Principle, the rate: of 


drug romova (v) Is represented by: 
v/s ¥,° (Cl - Co) = Metabolism + Uptake + Biliary Excretion Equation 8 


“At steady state, when uptake Is essentialy complete, the velocity or rate 


of removal is due to metabolism and billary excretion. These processes 


of metabolism and excretion In turn are described by Michaelis-Menten 
kinetics, 
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Figure 4, 


Diagrammatic representation of Model | -- The Liver is 
conceived as a well stirred single compartment. 


Ve . Cl is the rate of drug input 
Ve . Co Is the rate of drug output 
Cc, Is the concentration of drug In the liver 
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Vmax. + C | 
L 9 
v =¥,° (Ci -Co) = 


where Km, and Vmax, are the Michaelis-Menten constant and the velocity 
maximum for the ith enzymatic or excretory process. 


Since equi! fbrium is assumed to exist the of 
drug in the liver (Cy ) and that of the effluence (Co), Ci/Co 
represented by a constant R for a particular set of conditions. “The 


value of R can vary wit concentration. Equation can now bé represented 


by: | | 
n 
Vmax * Co 
Ve - Co) = Equation 10 
| 
and 
n 
Vmax | 
te 
Vmax and denotes the . 
The term A is the summation Kin, + Co es 


R 


n 
4 
| 
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enzymatic and excretory capacity of the system. | Upon rearrangement, 
Miquation samo be expressed in terms of the extraction ratio. 
Thus | 


Equation 12 


from which it may be seen that the extraction ratio is influenced by 


hepatic blood flow. The corresponding expression for clearance 


Equation 13 


The effect of protein binding has not been included in the general 
equations for the extraction ratio and clearance (Equations 12 and 13). 


A more complete description of the model would be to include protein 


binding as an additional variable (102). 


The unbound species is considered as the species that is in 
equilibrium within tissues. Thus the unbound drug concentration in 
the liver should equal the unbound drug concentration in the plasma 
In the effluent, i.e. C,, unbound = Co, unbound in plasma. Since 
it Is only the unbound species that Is eliminated, a re-examination 


of Equation 10 yields 
n 


Km ; + Ci» unbound 


becomes 

A 


(CI - Co) Vmax 
~ Kiny + Co, unbound in 


Co, unbound In plasma i= | 
Equation 15 
where Co, unbound In plasma =a-Co, plasma and a is the fraction of 
drug unbound In plasma. 


If the drug partitions Into red blood cells such that g Is the ratio 
of concentration of drug In blood to that of the plasma (C/C ds then 


a correction must be made, and 


Co, unbound in plasma . = = Co, blood Equation 16 


sn 


' The function a Is related to the hematocrit (H), and q , the fraction of 
unbound drug In plasma and = the ratio of concentration of drug in 


blood cell to that In plasma as seen in the following relationship. 


Consider mass balance for the amount of drug in blood. 


(1-H) C,, unbound + bound + Chi cells’ 


/ Equation 17 


amount In amount in plasma amount in 
| blood plasma that that is bound blood cells 
is unbound ; 


where Ve is the blood volume. 17 gives 


18 


~ 
| 
. 
; 


When Ci icod cells/“p the unity, then A= 1. The degree of 
"plasma protein binding wil! alter the ratio Cyiced celis/Cp as the 
unbound molety, the species that equilibrates between: tissue, is ai tered 
with changes in a. By substituting Equation 17 Into Equation 15 and | 
rearranging, the general equation for the extraction ratio for Mode! | a 
expressed ag: 7 


Equation 19 


where A’ = Vmax/Km~ Clearance (V.,) is given by: 


@ ai 
= 
Ar + 
3. Model_It | 


iy | Another simple mode! (Model |!) was developed iby Winkler and co- : 
. ‘workers (54) using assumptions tole by Goresky et al (103) for pulse | 

studies and applying them to steady state conditions. Liver sinusoids are 
depicted as a series of cylindrical tubes as shown in Figures 5 and 6. The 
basic assumptions of the mode! are: 


(1) The liver is composed of a number of identical and parallel 


cyl indrical tubes. 


= (2) The enzyme is uniformly distributed in the sheet of parenchyma oO 
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Figure 5. 


Olagrammatic representation of Model |! - Liver 
as parallel tubes. 


Vg - Cl is the rate of drug Input 
Vp . Co Is the rate of drug output 


C, Is the concentration of drug in the liver 


sinusoids 
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Figure 6. A unit of the model (Modell |!) 


Vee Ci is the rate of input into the unit 


Vee Co is the rate of drug output from the unit 


is the concentration of Greg In the sinusoid at 
point x. 


is the concentration of drug in _ the vaieatiiaiithe at 
point X. 


is the length of the unit 
is the blood flow to the unit. 


is a small tncrement tn tength from point x. 
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cells, while the substrate Is distributed in each cross-section 


of the sinusoidal vascular and perisinusoidal space. 


(3) The total liver enzymatic activity (elimination rate) v, with a 
maximum velocity (Vmax) is the sum of the Individual enzymatic 


activity for each cylinder. 


(4) Transverse diffusion is instantaneous. 

(5) Transport of mubetvete between the perfusate in the sinusoid and 
the cells the enzyme does not rate-!imit 


— 


(6) At any point along the cylinder, the ratio of drug concentration 
In the hepatocyte (C, ,) to that of the sinusold (C,) Is a constant. 


Consider one of these tubes of length L, having an enzyme system 
character I zed by a corresponding Vmax and Km. Atsteady state, over ‘any 
distance dx, the rate of metabolism (v.) Is given by 


——y dx  Vmax+ . Equation 21 


where C. is the concentration of drug in the tube at any point x, YB + Is 


the blood flow along the tube and R is the ratio of C;,,/C,. 


UMI 


the eliminating process. 
a 


At low concentrations of the drug where (Km/R) >> C,, the rate of 


metabolism along the entire tube, (¥4) Is given on integration of 
equation 21 £104) 


¥, = CG Equation 22 


where Ay is the enzymatic capacity of the tube (Vmax¢/(Km/R)). For k 
numbers of identical tubes present in the liver. 


At = A/k, 44 VR /K Vmax/k 

‘The rate of loss from the entire liver is the sum of the rates 

of loss from alt the tubes, and, since all the tubes are identical, 
it is k times the rate of loss from one tube. ‘Therefore, 


Rate of loss from liver =k . Va ci-(l-e 


Thus the extraction ratio at steadystate is given by: 


ER = > Equation 24 


| 
} 


and clearance under steady state Is 


-(A/V,) 
Voy (I ) Equation 25 


Vmax ; 


- The term has the same meaning as in Model | and Is Km; + Co 


for multi enzyme systems. At low concentrations of drugs to the liver, . 
| n 
A is a constant and is) 
~ in| 


“For a uni-enzyme system when C, Integration of Equation 
ylelds (104) | | 


= Equation 26 


A more complete description for Model 1! would be to Include the © 
effect of protein binding, -Again, the unbound species would be the x 
equilibrating as well as the eliminated species. After correction tor | 
plasma protein binding and blood cel! partitioning, the general | 

equation for Mode|_ |! for the extraction ratio Is now: 


ER = (i<e Equation 27 


where A' = Vmax/Km. Clearance (Wey) is given by; 


‘ AZ A' Vp) | 
Voy = Vg (Ie ) Equation 28 
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As shown previously, the extraction ratios and hence clearances in 
the two models differ {Equations 19, 20, 27 and 28). The vertables 
that can Influence hepatic clearance of drugs in both models are: 

(1) hepatic blood flow 
(2) plasma protein binding and blood cel! partitioning 
(3) the enzymatic activity (A') within the liver cells. 
The term A‘ is also referred to as the Intrinsic liver or 
metabolic Clearance( 105, 106, 107) and 
(4) the drug connantret ton at the enzyme site, 


The term (AN) is a variable, but at low concentration of drug in the 
liver Kn), AN) Is reduced to a constant and the kinetics of the 
drug are linear. The Influence of hepatic blood flow, plasma protein 
binding and blood cell partitioning as well as the enzymatic activity (A') 
on hepatic drug clearance is better elucidated under these conditions. : 


| * Thus discussion is matniy restricted to describe the influence of these 


factors on hepatic clearance at low concentrations of drug to the liver. 


_ Their influence on other important pharmacokinetic parameters as the extent 
of availability (F), the areas under ‘the blood-concentration-time curve 


(AUC)! for single oral and Intravenous doses, and the steady state blood 


concentration (Cp ss) etter constant oral adainistration and constant 


Infusion under linear kinetic conditions are also discussed. Influence 


of these factor Wis made assuming that the liver is the only elimina- 


ting organ. 


Once again, the fundamenta! equation for the extraction ratios for 
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| 


Models and I! are 


Mode! thon 


The Influence of hepatic blood flow (Vp), plasma protein binding 
and blood cel! partitioning (a,A), and the enzymatic activity (A') 


of the liver cells on various pharmacokinetic parameters at low con- 


centration of drug to the liver for Models | and |! is summarized in 


‘the following table. 
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Table I: Interrelations between A', a ,A and , and Various 


Pharmacokinetic Parameters for Models | and |! 


Parameter Model Derivation of 


Equat lon 


Dose-e 
-( Sa! /V_) 
By 


“7 
Dose 


Vail -e 


(Dose/ ) +e 


Fe(Dose/ t ) 
Vail -e Vey 


RO RO 


-(2A! /Vp) 


Cc 
B 
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Dose 
AUC 13 «ss 
lV at 
/y 
(TAT 
Dose/ T 
C 
RO 
+ Vp 


a. Changing Hepatic Blood Flow 


The following analysis of the influence of hepatic blood flow on a 
variety of parameters assumes that the substrate concentration in the 
liver (C;) is much less than the Km of the enzyme system. Then the term 
(A') reduces to 


Vmax; 
An 


Under these ¢onditions the kinetics and the extraction ratio are 
independent of drug concentration. The situation becomes more comp! icated 

In those cases where C, approaches or exceeds Km. Under these circumstances 
all parameters will be concentration dependent. | 


The predictions for the influence of blood flow on the extraction. 
‘ratio, tity, the area under the blood-concentration 
ttme curve for a single oral and latrevanese dose, and the steady state 
blood concentrations following constant oral administration and constant 
intravenous Infusion for Model | are shown in Figures 7 and 8. The value 


a 
of X Is set equal to one. 


The calculations for the predicted values are made as follows: 


A reference point (the value of the extraction ratio at a hepatic blood 
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flow of 1.0 mi/min/gm liver is estab! ished ¥nd used to calculate the 


value for (Ay) as In Equation 19. Ck = to), This value of (Aj) is 


in turn used to predict changes in the extraction ration @#! hepatic 
blood flows of 0.5, 1.5 and 2.0 mi/min/gm liver. As an example, the 
reference point has an extraction ratio of 0.9 at blood flow of 1.0 


mi/min/gm liver. The value-for (Aj ) can be obtained using Equation 19. 


Ay: 


0.9 
Aj= 9.0 


w 


The extraction ratio at hepatic blood flow of 0.5 mi/min/gm liver 


is given 


Similarly, the extraction ratios at hepatic blood flows of 1.5 
and 2.0 mi/min/gm liver are 0.857! and 0.8182 respectively. A curve 
is generated by connecting these four points. A family curve is thus 
constructed by utilizing different reference points ranging from 0.| 
to 0.999. The predicted values for the other parameters as clearance, 
availability, area under the blood-concentration-time curve and the 


_ Steady state blood concentration are obtained in the same manner using 


appropriate equations in Table |. 
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9.0 

ER = O.0+ 0.5 = 0.9474 


a) Extraction Ratio 


The Influence of blood flow on the extraction ratio of a drug 
operating under linear kinetic conditions is shown in Figure 7A. 
For drugs with very high extraction ratios (>0.95) at a blood flow 

of 1.0 mi /min/gm liver), the extraction ratio is unresponsive to 

changes in blood flow (A'>> Ve and ER = |) as predicted from Equation 19. 
When the extraction ratio is low (< 0.2), the extraction ratio changes 
inversely with blood flow (V,>2A" and at - ) as predicted from 
Equation 19. For drugs with intermediate extraction ratios (0.2-0.7), 


manner as predicted in Equation 19. . 


b) Clearance 


The influence of blood flow on the clearance of drugs is shown 
in Figure 7B. As expected from Equation 20, drugs with high extraction 
ratios (>0.95) have clearances approaching blood flow (ER approaches 
unity). At low extraction ratios (<0.2), cleerance becomes equal to 
A' (We>>A"), In which case, clearance is insensitive to changes in blood 

: flow. It is the intermediate range of the extraction ratio (0.2-0.7) 
that clearance responds to changes in blood flow in a non-linear 


fashion. 
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c) Availability 


In the context of this thesis, availability (F) is defined as the 
fraction of the drug which survives a single passage through the liver. 
According to Model |, availability is given by: 


Availability (F) = 1 = ER 
Equation 29. 
AY 
The manner in which availability changes with blood flow for drugs 


having different reference extraction ratios is depicted in Figure 7C. 


For highty cleared drugs, when the eliminating capacity (term A') — 


greatly exceeds the vaiue of blood flow (ER @ I), Equation 29 “ 


= Equation 30 


in which case availability varies directly with blood flow. At the 
other extreme, when ER is low (< 0.2) availability is unaffected by 
changes in-blood flow (V, >>A', F = 1). 


d) Areat under the Blood-Concentration-Time Curve Following a 
Single Oral Dose 


For a single oral dose, only a fraction (F) of the dose is 


available. 


F . Dose = Equation 31 


~ 
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When appropriately substituting for F and Vol , it is seen that 
Equation 31 simplifies to 


Moray Equation 32 


from which It Is seen that AUC,-,; should depend only on dose and the 
enzymatic activity and not blood flow’as shown in Figure 8A (105). 


\ 


6) Area under the Blood-Concentrat lon-T Ime Curve Following a Single 


Intravenous Dose 


\The area under the blood-concentration-time curve following a single 


‘Intravenous dose is given by: 


AUC y = = Equation 33 


Vel Vel aT 


The area under the curve is Influenced mostly where clearance 


approaches blood flow, i.e when the extraction of the drug is high. 


_ At low extraction ratios, the influence of blood flow on AUCiy Is 


Insignificant ( Vet #A' ). The greater the extraction ratio of the 
drug, the greater the influence of blood flow on AUC,;y (Figure 8B). 


f) Steady State Drug Concentration in Blood Following Constant Oral 
Administration 


When a drug is given orally at a fixed dose-fixed time interval 
(of duration t ), the concentration In the blood accumulates until a 
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plateau is reached. At the plateau, the rate of entry of drug into _ 
the body (F. Dose/t) Is matched by the rate of elimination Wey Ca,ss_ 

om refers to the blood concentration of drug 
at the plateau. pm the value for the steady state concentration is 


given by: 


(Dose/r) 
FB, SSoray Equation 34 


cl 


Substitution of Equations 28 and 29 into Equation 34 yields 


Equation 35 


which shows that the steady state concentration depends only on the 
rate of drug administration and the eliminating capacity (A'Y and is 
independent of blood flow (Figure 8C). This situation. is analogous 
to the lack of telteanie of blood flow on AUCoral- 


g) Steady State Drug Concentration in Blood Following Constant Drug 


infusion 


When a drug is infused directly into the general circulation, 
F= tl. At steady state, the rate of drug infusion (R°) is matched 
by the rate of elimination. The steady state concentration in blood 


(Cp, ssi ne? is given by: 
Re 


= Equation 36 
“Bissing 


5 


Figure 7. Influence of hepatic blood flow on pharmacokinetic parameters 


A) ER 


B) Vy 
C) F 

according to Model -!. 

The numbers (0.1 to 0.999) ont to each curve on the ‘graph 
indicate the extraction ratios at the reference blood flow 
of 1.0 mi/min/gm liver. This reference point is used to 


a 
— generate other points on the curve,‘A’ = 1!) for all 
» 


calculation. The calculated values are given in Appendix IIIA. 
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B) AUC 


oral 
D) CB, ssing 
according to Model | 


C) CB, ss 


The numbers (0.1! to 0.999) next to each curve on the graph 
Indicate the extraction ratios at the reference blood flow 


of 1.0 mi/min/gm liver. This reference point is used to 


generate other points on the curve, > = | for all calculation. 


The calculated vatues are given in Appendix I11B. on 
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Figure 8. Influence of hepatic blood flow on pharmacokinetic parameter 
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As expected blood flow exerts its int twence on theesteady state 

3 concentration the greatest for highly extracted compounds where 
clearance approaches blood flow (ER = |) whereas the steady state 
concentration is Independent of blood flow for poorly extracted drugs 
(Vo, = A'). These relations are depicted on Figure 8D. 


2) Model II 
The predictions for the influence of blood flow on the pharmaco- 
kinetic parameters (ER, V.;, F AUC and Cg << ) for Model I! are 
shown in Figures 9 and 10. For al! calculations, the value of r 
is again set equal to one. The method used in calculations is the 
same as Model |:. The Initial calculations for A',, and ER are based 
on substitution into Equation 27 instead of Equation 19 for Model ti. ~ 
The predicted values for the other parameters as clearance, availability, 
the area under the blood-concentration-time curve and the steady blood 


concentration are obtained in the same manner using appropriate equations 
in Table |. ; | 


a) Extraction Ratio 
The influence of blood fiow on the extraction ratio of a drug 


operating under linear kinetic conditions for Model |! is shown in 


Figure 9A. For drugs with very high extraction ratios ( > 0.95) the 


influence of blood flow on the extraction ratio is relatively insigni- 


UMI 


| 


UMI 


ficant (A'>>¥_ and ER=1) as predicted in Equation 27. When the 
extraction ratio Is low € 0.2), blood flow and the extraction ratio | 


are related exponentially (Equation 27). 
b) Clearance 


The Influence of blood flow on the clearance of drugs with different 
extraction ratios is shown in Figure 9B. As expected from Equation 28, 


drugs with high extraction ratios (> 0.95) have clearances approaching 


blood flow (ER approaches unity). At low extraction ratios (< 0.2) 
clearance equals A‘ (V >>"), In which case clearance is insensitive 
to changes In blood flow. For drugs in the Intermediate range of 
extraction ratio (0.2-0.7), clearance responds to changes In blood flow 


In a non-linear fashion. 
c) Availability 
According to Model I!, availability (F) is given by: 


F= 1 -€R 
Equation 37 
=e 


The Influence of blood flow on the availability for drugs with 


different extraction ratios is shown In Figure 9C. Availability Is 


seen to vary exponentially with blood flow as in Equation 37. For 
highly extracted drugs, the Influence of blood flow on F is more 


Page 46 


dramatic than for poorly extracted compounds. (A' is a larger term 

for highly extracted drugs and is related to F exponentially) For 

poorly extracted compounds, (small A'), F is hardly affected by 


changes in blood flow. 


'@) Area under the Blood-Concentration-Time Curve Following a Single | 
Oral Dose | 


The area under the blood-concentration-time curve for a single 


oral dose (AUC,,-.4;) Is given by: 


AUCora | Equation 38 


The effects of blood flow on AUCorai follow closely the effects of blood 
flow gm F and ¥.;. Thus large variations on AUC ora | are expected for highly 
cleared drugs on changing blood flow. For poorly cleared compounds, 

| clearance approaches the term A' and availability is hardly affected by 
blood flow. Thus AUCora; for the poorly cleared compound (Equation 38) 
is insensitive to changes in blood flow (Figure I0A).. 


@) Area under the Blood-Concentration-T ime Curve Following a Single 
Intravenous Dose 


The area under the blood-concentration-time curve for a single 


Intravenous dose Is given by: 
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Dose _ Dose Equation 39 


AUC y = 


and the Influence of blood flow on AUC)y for drugs with different 


extraction ratios is depicted in Figure 10B. The AUC), bears an 
inverse relationship to clearance. As expected, for highly cleared 
compounds (clearance approaches blood flow), AUC;y bears an inverse 


relationship with blood flow. For poorly cleared compounds, 


(clearance approaches the term A'.)-AUCjy . is insensitive to changes 

In blood flow. For drugs with intermediate extraction ratios (0.2-07), 
the effect of blood flow on the AUC y is greater with increasing 
extraction ratio of the drug. | | on 


f) Steady State Drug Concentration in Blood Following Constant Oral 
Administration 


The steady state concentration of drug in the blood on repetitive 
oral administration Is given: 


68, ss 


F.(Dose/t) Equation 40 


A situation similar to the effects of blood flow on AUC,,4; is seen for 

ssorat’ “Large variations in CB, sora expected for highly 
cleared ‘drugs on changing blood flow. For poorly cleared compounds, 

the steady state blood concentration is insensitive to changes In 


B 
> 


Figure 9. Influence of hepatic blood flow on pharmacokinetic parameters 
B) 
according to Model 
The numbers (0.1 to 0.999) next to each curve on the graph 
indicate the extraction ratios at the reference blood flow 


of 1.0 mi/min/gm liver. This reference point is used to 


generate other points on the curve. ifor allcalculation. 


The calculated values are given in Appendix IVA. 
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Figure 10. Influence of hepatic: blood flow on pharmacokinetic parameters 
B) 


Cp, SSora! } 


according to Model 


The numbers (0.1 to 0.999) next to each curve on the graph 
indicate the extraction ratios.at the reference blood flow 

of 1.0 mi/min/am liver. The reference point is used to 
generate other points on the corvact = | for all calculations. | 


The calculated values are given in Appendix IVB. 
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blood flow. The Influence of blood flow on the steady state blood 
concentration following constant oral administration for. drugs with 
different extraction ratios is shown in Figure !0C. 


..g) Steady State Drug Concentration In Blood Following Constant Drug 
The steady state concentration of drug in blood following 


constant Intravenous Infusion Is given by: 


Large variations in the steady state concentration with blood flow are 


anticipated for highly cleared compounds (clearance approaches blood 
flow) in contrast to the poorly cleared compounds (clearance approaches 
the term A') where blood flow does not affect the steady state blood 
concentration. For drugs with intermediate extraction ratios, the change — 
“In the steady state concentration Is non-linear. The Influence of flow 

en the steady. state concentrations for drugs with different extraction 
ratios is shown in Figure 10D. | 


a 
b. Changing 


The following analysis of the influence of protein binding and 
blood cell partitioning on the various pharmacokinetic parameters 


assumes again that the substrate concentration in the liver (C,) is 
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much less than the Km of the enzyme system. The term (A') Is a 


constant, and under these conditions the kinetics and extraction 
ratio are Independent of drug concentration. in cases where C, 


approaches or exceeds Km, all parameters will be concentration 


The predictions for the influence of protein binding (measured 
as fraction of drug unbound in plasma a) 


and blood cell partitioning 
(measured as the function A ) on the extraction ratio, clearance, | 
“availability, area under the blood-concentration-time curve for a 
single oral and intravenous dose, and the steady state blood con- 


centrations following constant oral and constant intravenous 
infusion for Mode! | are shown in Figure I!. The value or haperte 

blood flow is held constant at 1.0 mi/min/gm liver for all calculations. 
The calculations for the predicted values are as fol lows: | 


A reference point (the value of extraction ratio at hepatic 
blood flow of 1.0 mi/min/gm liver and when T= 1) Is established 
and used to calculate the value for (AJ) as In Equation 19. This 
value of AA) is in turn used ~ predict changes" in the extraction 
ratio upon changing the ratio z from 0.1 to 1.0 with blood flow 
kept constant at |.0 mi/min/gm liver. As an example, the reference 
point has an extraction ratio of 0.9 at blood flow of 1.0 ml/min and 
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ven T° 1. The value for. (Ay) can be obtained as In Equation 19. 


: t. Al 

A+ 1.0 
0.9 + O.9A! = Al 

Al = 9.0 


a 
The extraction ratio when X = 0.1 Is given by: 


| 0.1 X 9. 


Similarly, the extraction ratios when the ratio T 1s 0.2, 0.3 
and 0.4 are 0.6429, 0.7297 and 0.7826 respectively. A curve Is 
generated by connecting the values of ER when r ranges from 0.1! to 
1.0 at 0.1 Increments. A family curve is thus constructed using 
different reference points. The predicted values for the other 
parameters such as clearance, availability, area under the blood- - 
concentration-time curve and the steady state blood concentration 


are obtained in the same manner using appropriate equations (Table |). 


a) Extraction Ratio 


The influence of plasma protein binding and blood cel! parti- 
tioning on the extraction ratio of a drug operating under | inear 


kinetic conditions is shown in Figure IIA. For drugs with high 


- 
‘ 


extraction ratios, (> 0.95 at flow of 1.0 mi/min/gm liver), the 


a 
extraction ratio is relatively unresponsive to changes in the ratio i 


a 
(X A'>> Vg vand ER = 1). At low extraction ratios (<0.2), the 
a. a a 
extraction ratio changes directly with X(V_ A" and ER 
B 
as predicted from Equation 19. For a drug with intermediate extraction 


a 
ratios (0.2-0.7), the extraction ratio responds to changes in X ina 


non-linear manner. 
b) Clearance 
The ear mene of t on clearances of drugs is the same as its 


inf luence on extraction ratios at constant hepatic blood flow as 
anticipated in Equation 20. This is depicted in Figure IIA. (Hepatic 
% 


blood flow is constant at |.0 mi /min/gm liver). 


c) Availability 

The manner in which availability changes with the ratio X for drugs 
with different extraction ratios is depicted in Figure 118. For highly 
cleared drugs t A' greatly exceeds the value of __ flow, and the 
availability bears an inverse relationship with CF ) « For poorly 
cleared the ratio does not affect F Fel). For 
drugs with extraction ratios, F changes in a inear 


fashion with T as anticipated in the general equation in Table |. 


Pace Sé 


d) Area under the Blood-Concentration-Time Curve Following a Single 


Oral Dose \ 


For drugs given orally, only a fraction (F) of the dose is 
available. When appropriately substituting for F and Vey (Table 1) 
into Equation 31, the area under the curve. for a single oral dose | 


is given by: 


AUC 


from which it Is seen that AUC...) changes Inversely with the ratio 
a 
X - for all extraction ratios as shown in Figure IC. 


e) Area under the Blood-Concentration-Time Curve Following a Single 
Intravenous Dose | 


The area under the blood-concentration-time curve for a single 


intravenous dose Is given by: ~ 


Dose Dose 


AUC 
a 
zh 


and Is inversely related to clearance. The influence of the ratio X — 


on the area under the curve following a single intravenous dose for: 
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drugs with different extraction ratios is shown In Figure 11D. As 
predicted, for highly — compounds (ER 7 0.95), = clearance 
Is unaffected by changes in , AUC Independent of For the 
poor ly cleared ean (ER< 0.2), where the — changes 
directly with AUC, ywill change Inversely with For drugs with 
Intermediate extraction ratios (0.2-0.7), clearance — Ina 


non-linear fashion with 

f) Steady State Drug Concentration in Blood Following Constant Oral 
Administration | 
When a drug Is given at a fixed rate of administration (Dose/t), 


the concentration of drug in blood at steady state is given by: 


=  (Dose/t) Equation 44 


A 


and changes inversely with i for all extraction ratios as shown in 
Figure 1IC. 


g) Steady State Drug Concentration in Blood on Constant Drug Infusion 


The steady state concentration of drug in blood following constant 


intravenous infusion Is given by; 


| 


UMI 


D) AUC iy and CB, ssin¢ 


Influence of the ratio © on pharmacokinetic parameters 


A) ER and Voy 


B) F 


C) AUCora; and CB, ss 
oral 


according to Model |. 

The numbers (0.1 tO 0.999) appearing next to the curves 

on the graph indicate the extraction ratios ‘at the 
reference point ( t = 1; hepatic blood flow - 1.0 mi/min/gm | 
liver). This reference point is used to generate other 

points on the curve. Hepatic blood flow = 1.0 mi/min/gm liver 


for all calculations. The calculated values for a. 


and D are given in Appendix VIA-D respectively. 
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a 
The Change in the steady state concentration with A Is analogous 
a 
to the situation for AUC), with 4. The same trend is observed. 
This is depicted in Figure 11D. — 


2) Model 
a 
The predictions for the influence of A on the extraction ratio, 
clearance, availability, and other pharmacokinetic parameter, e.g. 

AUC AUC iv» Ce and CB ssing according to Model are 
shown in Figure 12. The method used for the predicted values is the 
same as Mode! |. The initial calculations for Ajj and ER are based on 
substitution into Equation 27 instead of Equation 19 for Model I!. The 


predicted values for other pharmacokinetic parameters as v F, AUC 


cl’ 
and Cga.ss are obtained in the same manner using appropriate equations 


(Table 1). 


a) Extraction Ratio 


The influence of plasma protein binding and blood cel! parti- 
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tioning on the extraction ratio of a drug operating under | Inear 
kinetic conditions according to Mode! I! is shown In Figure 12A. At 
high eliminating capacity of the liver (drugs with high ER, TAY is 
large compared to Vg ), the ratio T cos nat affect the extraction 
ratio of the drug. At low extraction ratios, increasing the ratio i 
greatly increases the extraction ratio of the drug (A'T Is small 
compared to 


b) Clearance 


| 
The influence of 1 on clearance of drugs for drugs with different ~~ 
extraction ratios is the same as its influence on extraction ratios as 


shown In Figure 12A. (Hepatic blood flow is held constant at 1.0 mi/ 
min/gm liver). 


c) Availability 


The availability of a drug according to Model I! is given by: 


) Equation 46. 
=e 


and is related exponentially to¥g for drugs with different extraction 
ratios as shown In Figure !2B. For highly extracted compounds, availability 


a 
_ Changes very drastically upon changing X . This is so because the value 


> 
| 


of A' is large. For enashis cleared compounds, though availability still 


changes ty with the value of A' is small, such that 


changes withi small. 


d) Area under the Blood-Concentration-Time Curve Following A Single 
Oral Dose. 


The AUCopa; following a single oral dose is given by: 


AUC Equation 47 
‘oral = — 
Yel = Date) 
Ne ) 


CI 


‘a 
according to Model I!. The influence of 1 on AUCo-a; for drugs with 


different extraction ratios is shown In Figure !2C. Drugs that are 
highly cleared have clearances approaching blood (unaffected by 
- Thus AUC...) ” these compounds wil! change with t the same way F 
changes with For highly compounds, large variations in AUCora) 


occur (an increase in the ratio r decreases AUC ora} exponentially), For 


a 
poorly cleared compounds, F does not change with 1 whereas:clearance 
a 
increases exponentially with increase in X . Since AUC...) 
clearance are inversely related, AUC a} decreases with increase in the 


a 
ratio i. 


UMI 


Page 60 
om | 


e) Area Under the Blood-Concentration-Time Curve Following a Single 
Intravenous Dose 


a 
The Influence of XY on AUC,y for drugs with different extrac 


ratios Is shown In Figure 12D. The area under the curve fol lowing a 


single intravenous dose is given by: 


AUC,y = Dose = __ Dose Equation 48 


Yet 


and it is seen that AUC iy and clearance are inversely releted. For 
highly cleared compounds, clearence is not much affected by :: 

The AUC iy the poorly cleared is very much influenced by 
changes in (decreases drastically with as changes exponential ly 
with 


Steady State Drug Concentration in Blood Following Constant 


Oral Administration 


The steady state drug concentration in blood fol lowing constant 
oral administration is given by: 


F (Dose/, ) Dose/r 


Equation 49 
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and is influenced by F  , a situation analogous to the influence of A 
636 

on The Influence of X on for drug with different 

extraction ratios is seen in Figure 


g) Steady State Drug Concentration In Blood Following Constant Drug 


Infusion 


. The steady state concentration of drug in blood. following constant 


Intravenous infusion Is given by: 


— | 
s ssing Equation 50 


-e 


and varies inversely with clearance. The influence of X on Cp /SSing 
for drugs with different extraction ratios is -_ in Figure 12D.” 
The situation Is analogous to the influence of t on AUC yy, 


c. Changing A' 


The following analysis of the influence of the eliminating 
capacity (term A') assumes that the substrate concentration In the 
liver (C,) is much less than the Km of the enzyme system, in which 
case, the term A' is the sum of the Vmax/Km for all enzymes. Under 
these conditions, the kinetics and extraction ratio are Independent 


of drug concentration. In cases where C, approaches or exceeds the 


. 


Figure 12. Influence of the ratiox on pharmacokinetic 
A) ER and ¥, 
B) 
C) AUG ray 2nd Ce 

| oral 


D) AUC jy ane 


The numbers (0.1 to 0.999) a to each ae on the graph 
indicate the extraction ratios at the reference point 

(F = 1; hepatic blood flow = 1.0 mi/min/gm liver). The 
reference point is used to generate other points on the curve. 
Hepatic blood flow is held constant at 1.0 mi/min/gm liver 


for all calculations. 


The calculated values for A, B, C, and D are given in 


Appendix VIIA-D respectively. 
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Km, the situation is more comp | ex and all parameters will be concen- 
tration dependent. 


1) Model | 


The predictions for the Influence of the term (A') on the 
extraction ratio and clearance of a drug is shown in Figure 135A. 
This graph depicts situation when the ratio ua equa! to one. 
Hepatic blood flow Is taken to be 1.0 mi/min/gm liver and A’ Is —= 
expressed as multiples of blood flow. When A' greatly exceeds V, 
l.e. for drugs with high extraction ratios, the extraction ratio 
approaches unity and clearance approaches blood flow. At low 
values of A', the extrection ratio and clearance varies directly 
with A, as shown by the Initial slope of the curve. This is the 
case for drugs with low extraction ratios. | 


2) Model II 
The predictions for the inptesune of the term (A') on the 

extraction ratio and clearance of a drug is — in Figure 138. 
This graph depicts a situation when the ratio ¥. is set equal to 
one; hepatic blood flow assumes a value of 1.0 mi/min/gm liver and 
A' is expressed as multiples of blood flow. At low values of A' 
(poorly cleared compounds), the extraction ratio changes directly 
with A' and clearance approaches A'. The asymptotic value.of,ane 
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Figure 13. Influence of the enzymatic capacity (A') on 


A) ER and according to Model | rr 
B) ER and V.; according to Model 1! 
— - ER V | 
or 
The value of T = 1; hepatic blood flow = 1.0 mi/min/gm 


liver for all calculations. 


? 
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for the extraction ratio Is quickly reached with increases in A’. 


in which case clearance approaches blood flow. | 


B) Discrimination between Models | and |! 


Discrimination is most readily performed under steady state and 


linear conditions when the term (A') is a constant. The following 
analysis examines the sensitivity of various parameters as discrimi- 
nators. 
le comparison of the predicted values of extraction ratio, 
clearance, area under the curve and steady state blood concentration 
for Model | and I! is shown in Table 2. 
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Table 2. A Comparison of the Predicted Pharmacokinetic Parameters 
in Terms of V,,a, 2 and A' for Models | and I! 


ER, /ER pp Na, ) 
gal + Vp 


At AY 
-(2A' 
(—B—) 
| 
Moral 
| /V,) 
ss B,ss_ Sa! 
/ 


-(2 A! /V,) 


UM 


| 
| 
Cc /C 
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It can be seen from Table 2 that ER)/ER;; equals Vor Nets 


Is just the reciprocal AUC y /AUC or CB, ssing 


The ratio of F\/F,, can be shown equal to Co,/ Co), where (Co) Is 
the effluent drug concentration from the liver (Co = Ci*(1-ER) 


1. By the Alteration of Blood Flow under Linear Kinetic Conditions 


A comparison of the ratios for Models | and |! of the anticipated 
(1) steady state extraction ratio or clearance 


(2) the availability or steady state effluent drug concentration 
(3) the total area under the blood-concentration-time curve for a 
single oral dose or the steady state drug concentration fol lowing 


constant oral administration and 


(4) the total area under the blood-concentration-time curve following 
single intravenous dose or the steady state drug 


in blood fol lowing constant intravenous infusion 


upon changes In hepatic blood flow from 0.5 to 2.0 mi /min/gm liver Is 
graphically displayed in Figure 14A, B, C and D respectively. 


it is seen that the change in the ratio of the steady state 


extraction ratio (ER,/ER,;) or clearance (Vc) ,/V_,,,) Is maximal for 


ratios of ER or Vo; obtained from reference points having ER values 
of 0.7-0.9 at 1.0 mi/min/gm liver (Figure 14A). But even then It 
is only a 30% change. Since the ratio (AUC y ,/AUC or / 
ssing, Is merely the reciprocal of ER,/ER)¢/ Ver 
max imum ut 30% difference is anticipated upon changes in blood flow 
as shown in Figure 140. . | | 


In contrast, the ratio of the anticipated availability (F) or 
the steady state effluent drug concentration (Co) changes over a 


thousand fold with a fourfold change In blood flow (50% decrease 

or 100% increase from the normal value of 1.0 mi/min/gm liver) for 
drugs with extremely high extraction ratios (0.999 at 1.0 nl /ala/en 
liver (Figure 14B)). This magnitude of change Is also found to be the 


case for ratio: of the area under the curve (AUCopa| ;/AUC,-4;,,) for a 


single oral dose or the steady state blood concentrations fol towing 
blood flow. Again for highly extracted compounds (ER = 0.999 at 

1.0 mi/min/gm liver) the ratios have the maximum range of a thousand 


fold. 
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These findings show that the steady state effluent drug concen- 
tration (Co) or the extent of availability (F), the area under the 
blood-concentration-time curve tor single oral dose (AUC orel ) and 
the steady state blood concentration on constant oral administration 
CBessore | ) would serve as sensitive indices for the discrimination 
of the two models upon changes In blood flow. Also the more highly 
extracted the compound, the greater the ability to discern between 
the models. 


2. By the Alteration of Protein Binding and/or Blood Cell Partitioning — 
under Linear Kinetic Conditions | 


A comparison. of the ratios for Models | and I! of the anticipated © 
(1) ER or Voy (2) For Co, (3) AUC ora Or (4) AUC yy 

Ce upon chariges in the ratio ) from 0.1 to and at 

constant hepatic blood flow at 1.0 mi/min/gm liver is graphically 
displayed in Figures I5A, B, C and D respectively. 

It Is seen that the change In the ratio of the steady state 
extraction ratio (ER,/ER), ) or clearancel¥e) is maximal 
with reference points having high extraction ratios (0.9) (Figure I5A). 
A 2.5 fold difference change in the ratio is obtained at maximum. 


Since the ratio (AUC, ) or (Ceres, af /Cp, ) is the 


SS| Inf 
reciprocal of ER or Yer, / Ver ‘stmitar, magnitude are 


anticipated: (Figure 15D). 


Page 70 


Figure 14. Ratio of the anticipated values of various pharmacokinetic 

parameters with changes in hepatic blood flow. These ratios 

are: | 

A) or 

C 

The numbers (0.1 to 0.999) next to each curve on the graph 


oral), 


indicate the extraction ratios at the reference point 


a 
X= 1 for abl calculations. The ratio of ER, V 


cl and F 
for Models | and I! are calculated from..the predicted values 
of these parameters (Appendix IIIA and IVA) and is given in 


Appendix VA. 


The ratio of | ssoral »AUC and ssing for 
Models | and I! are calculated from the predicted values 
of these parameters (Appendices 111B and IVB) and is given 


in Appendix VB, 
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a 
(X = 1; hepatic blood flow = 1.0 mi/min/gm liver). 
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Figure 15. Ratio of the anticipated values of various pharmacokinetic 
parameters with changes in the ratio (yj). These are: 
B) Co, /Co, yor 
C) AUC oral oral or ©B,ssora! 


The numbers (0.1! to 0.999) next to the curves on the graph 


Indicate the extraction ratios at the reference point > = |; 
hepatic blood floow = 1.0 mi/min/am liver). + = I for all 
calculations. The ratio of ER or Vc, F, AUCoral oF CB, ssoral 
and AUCorajor CB,ss;,¢ for Models | and I! are calculated 

from the predicted values of these saransters (Appendices VI 


A-D and VII A-D) and is given in Appendix VIIIA-D respectively. 
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In contrast, the ratio of the ipated availability (F) or 


the steady state effluent dr ton (Co) for Models | and 


drugs with high ER (> 0.9) (Figure 158). This magnitude of change Is 

also found for the ratio of the area under the -blood-concentration- 

time curve following a single oral dose (AUC,,,; ) or the steady state 
blood concentration fol lowing — oral administration (Cp, SSore)’ for 


Models | and |! upon changing t for highly cleared compounds. 


These findings show that Co or F, AUC, oral OF Cores, would 
serve as sensitive indices for the twa-mddel s 


¢ a 


upon changing the ratio iX only for drugs with high extraction 
ratios (> 0.9). | 


3. By the Alteration of the Eliminating Capacity (A') under Linear 


Kinetic Conditfons 


Under linear conditions, the term A' is aconstant. The ratio 
ER,/ER,; or Ver Met), as function of A' which is expressed as 
multiples of blood flow (mi/min/gm liver) is depicted in Figure 13C 
(page 6§). It Is seen that at high values of A', the ratios gradual ly 
approach the value of one and hence at that region, A' is a poor 
discriminator. At low values of A', (A' < 2X Vp) the values of ER)/ER), 


or V.14Vc1,,are quite different from the value of one. Even then, the 
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maximum change only 70%. Hence A' ts a poor discriminator at Its best. 


By Graphical Discrimination-Fitting Data to Linearized 
Equations for Models | and I! 


a. Changing Flow under Linear Conditions Siow Concentrations 


to the Liver, X Is Held Constant) 


A linearized plot is obtained from Equation 19 for Model | by~ 
plotting I/ER vs V,. If Model | holds, a straight line with y =». 
a 
intercept = | and slope 1/( X A") should be obtained ¢Figure 16A). 


y Intercept = | 


Vp 


Figure 16A. Linearized transformation of Equation 19 (Model 1) 
a” 
(X Is donstant) 


: 
“ER 
| 
slope = 
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A similar !Inearized form from Equation 27 for Model I! Is obtained by 
plotting In(I-ER) vs ¥,. If Model I! holds, a straight line with a 


negative slope equal to % A' should be obtained (Figure !6B). 


4 


In(1-ER | 


Figure 16B. Linearized transformation of Equation 27 (Model |!) 
(= Is constant) 


b. Changing the Degree of Protein Binding (Low Concentrations to 
the Liver; Blood Flow Is Held Constant) 


4 would be a straight 
line with slope = V_/A" and y Intercept = | (Equation 19)(Figure 17A). 


If Model | holds, a plot of -I/ER vs 


UMI 


- | 
Vp 


y“Intercept = | 


Figure 17A, Linearized transformation of Equation 19 (Model |) 


Is constant) 


Whereas If Model || holds, upon transformation of Equation 27 
a straight | Ine with negative slope of A' is obtained on plotting 


In(1-ER) against + as shown in Figure |7B. 


In€l-ER) 


At 
‘negative slope of re 
B 


> 


Figure if Linearized transformation of Equation 27 (Model 11) 


(Ve Is constant) 
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C.. Changing the Input Drug Concentration to the Liver Such that the 
Velocity of Removal Approaches the Vmax of the System 
{Blood Flow Is Constant) 


At @ sufficiently high input concentration to the liver, the 
| . concentration of drug. in liver (C,) exceeds the value of Km and 
the velocity of approaches the Vmax of the system. If 
only one enzyme is involved in drug elimination, or several enzyme 
systems’ can be suitably "lumped" so as to be characterized by a 
simple average Km and Vmax, then the data at steady state can be 
analyzed to discriminate between Models | and 11. The value of ne 
should be constant under the concentration range studied for this 
analysis. The input concentration is varied while maintaining a 
constant hepatic blood flow. 

If Model | holds, then by rearrangement of Equation 15 and with 
proper substitution of Equation 17, it may be seen that a straight | 
line of slope of and y intercept of Km/Vmax) should be 
obtained when (Co/(Ci-Co)) is plotted against Co.AFigure 18A). 


Whereas If Model I! holds, a straight line will only be obtained when ‘ 
in(Co/Ci) is plétted against (Ci-Co) (Equation 26). The slope 

equals |/( and the negative y intercept is Km ) after 

correcting for protein binding and blood cell partitioning (Figure 18B), 
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slope = 
Vmax 


— 
y Intercept = 


Co 


‘ 
Figure 18A, Linearized transformation of Equation 15 (Model |) at 


High Input Concentration to the Liver (* and Vg are 


constant) 


Figure 188, Linearized transformation of Equation 26 (Model I!) 
at High Input Concentration to the Liver (— and 


Vp are constant) 
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111. STATEMENT OF PURPOSE OF INVESTIGATION 


The Importance of clearance in pharmacokinetics and therapeutics is 
wel | estab! ished. The importance of the liver as a clearing organ for 
drugs and Its unique anatomical! position with regard to orally administered 
drugs are also well recognized. Yet how alterations in physiologic para- 
meters, such as hepatic blood flow, plasma protein binding and hepato- 
cellular enzymatic activity, influence the hepatic clearance and oral | 
availability of drugs is poorly understood. What appears to be lacking 
Is meaningful model which these physiologic variables with 
hepatic clearance. Without such a model there is little chance of quanti- 
tatively predicting the effect of altered physiological states on hepatic 
clearance and hence the pharmacokinetics of drugs. ; And it is only through. 
an understanding of the quantitative elements of drug disposition that 
advances in rational drug therapy are likely to be made. 


The purpose of this Investigation was several fold. The first = 


objective was to examine the mathematical properties of two widely con- 
ceived models of hepatic clearance in order to establish parameters which 
could be used to discriminate between vias and to predict the influence of 
altered physlologic parameters on verlous pharmacokinetic parameters. The 
second and principal objective was to study the effect of blood flow on 
the disposition of lidocaine, its monodeethylated metabolite, monoethy!- 


glycinexylidide and antipyrine in the perfused rat liver in situ 
preparation. Lidocaine was chosen as it is very highly cleared by rat 


‘ 


\ 


‘liver, and theoretically the influence of blood flow on the aval lability 
or the effluent drug concentration of a highly cleared drug was found 
to be the best discriminator between the two models of hepatic 
clearance. Monoethyliglycine xylidide was studied as an example of 

a metabolite which was also wel! cleared. Antipyrine was chosen as an 
example of a poorly cleared compound. The final objective was to 
integrate the present findings with those in the literature, and 
examine the consequences of a mode! of hepatic clearance in pharmaco- 
kinetics and therapeutics. 7 


a 
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EXPER IMENTAL 
A. Material 
The name and structure of the compounds used are listed in Table 3 below. 


Table 3. List of Compounds Used 


Names and Structures Purpose Source or 


Lidocaine hydrochloride monohydrate Example of 
(2-diethylamino-2', 6'-acetoxy| Ididey highly cleared Mass. 01606 
compound 


| 


CH, 


2-diethy!amino-3' bromo-aceto- Internal Levy, 
anilide standard for Ph.D. Thesis 


_  (Br-DEA) . lidocaine U.C.S.F. 1971 
assay in blood 
and bile 
Br 
2 


,6'acetor Internal’ standard Astra, Worchester, 


xyl idide for l|idocaine Mass .01606 
(Wi2174) assay’ in liver, 
blood and bile 
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N-C-CH.-N ZH 
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Cont'd Table 3 
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Names and Structures 


Purpose 


Source or Reference 


Monoethyigiycine xylidide (MEGX) 
(2-ethy lami | idide) 


CH, 


anitide 


CH 


Antipyrine 
(2, 3-dimethy!I- l-pheny 1-3 pyrazo- 
| ine-5-one) 


Metabolite of 
lidocaine, and 
example of a 
mediumiy cleared 
compound 


Internal standard 
for MEGX assay in 
bile, blood and 
liver 4 


Astra, Worchester, 
Mass. 01606 


Astra, Worchester 
Mass. 01606 


Example «of a poorly Merck & Co. Inc. 


cleared compound 


Rahway, New Jersey 


|| 


Cont'd Table 3. 


Source or Reference 


4-bromo-antipyrine | Internal standard Gift, Dr. R. Sawchuck, 
(bromo-2, 3-d imethy |- I~pheny~5- for antipyrine University of 
pyrazol ine-5-one) assay Minnesota 


> 
\ 


N 
\ LG 


CH, 


All solvents were "Analytical Reagent" grade quality and distilled prior 


to use, with the exception of anhydrous ether. 


Other materials, supplies ‘and apparatus which were used are listed in 
Appendices and it. 
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B. PROCEDURE 
|. Biological 


The perfusion medium used in the perfused liver in situ preparation 
consists of red blood cells, glucose, dextran, albumin and electrolytes 
as listed In Table 4. 


_ Table 4.:Composition of the Perfusion Medium 


Bovine Serum Albumin (Tyrode Solution) 1% 


Dextran T-40 3% 
Red Blood Cells 20% 
Glucose 300 
Kreb Ringer Bicarbonate | q.S. 00% 


Composition of Kreb Ringer's Bicarbonate (KRB) Solution . 


0.9% NaCl (0.154M) 100 parts 
1.15% KCI (0.154) | 4 parts 
1.22% CaCl, (0.110M) pore 
2.11% KHAPO, (0. 154M) | part 
3.82% MgSO,. 7H,0 (0: 154M) | part 


1.3% NaHCO, (0. 154M) 2! parts 
130 parts 


The mixture was gassed vigorously with 5% CO, for | hour before use (45). 
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a. Preparation of the Perfusion Medium 


The red blood cells used were separated from outdated human whole 
blood stored In citrate-phosphate-dextrose. Blood was filtered through 

a safti-filter blood administration set Into culture tubes (25 X 150 mm) 
to half the volume and sterile normal saline solution was added to the 
remaining volume of the tube. The tube was capped and Inverted gently 
2-3 times and centrifuged for 10 minutes at 2000 rpm. The diluted plasma 
layer was aspirated off, discarded and any protein aggregates at the 
interphase visible were removed by suction. The washing was repeated 
twice with normal saline, followed by washing with lactated Ringer 


solution until! the top aqueous layer was clear and free of protein 


aggregate at the interphase. The lactated Ringer solution of the last 
wash was removed by suction, and the red blood cells were filtered through 


a fine mesh (white organdy) into a graduated cylinder. The dextran, 
weighed out In a beaker, was wetted with a small volume of KRB, and was | 
solution wes ttiteres through Whatman #1 filter paper and mixed wel! 

with the other ingredients (albumin, glucose and the remaining required  ° 
volume of KRB). This solution was buffered to pH = 7.4 elther with 

carbon dioxide gas or sodium hydroxide solution. Drugs was added 

to the solution at this stage and mixed well before admixture of the red 
blood cells. After the addition of the red blood cells the solution was 
stirred gently with a glass rod and was ready for perfusion. 
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b. The Apparatus 


The liver perfusion apparatus, modelled after the design by Dr. 
Car! Mondon (Mount Zion Hospital, San Francisco) was bullt by Or. G. 
Retchetdeefan’ and Mr. N. 0. Henry of the School of Pharmacy, University 
of California at San Francisco (Figures 19-21). Basically, it is a box 
(2' wide X 3' long X 2' high), —_" a humidifier, a manifold outlet 
for a gas supply, eater-ériven rotating discs, a heating unit with light 
source, a temperature indicator,:and a thermostatic probe. The top of the 
box Is composed of three easily removable transparent plexi-glass sheets 
placed one next to another. The front door of the perfusion box facilitates 
the addition or removal of material. The blood medium, well mixed by — 
rotating In a 1000 mi round flask In the reservoir (fitted onto the discs), 
is pumped using a Peristaitic Finger Pump (Figure 21A) (usual settings: 


the rate selection, |, "v" speed contro! from 50 to 110) through a 

Bent ley by-pass filter (Figure 21B), then a hollow fiber oxygenator (gas 

ts kept at } '2/min) (Figure 21C) and finally through a bubble trap 

i (Figure 2IC) before reaching the liver. The bubble trap consists of a 
14 gauge hypodermic needle fitted halfway through the syringe (Figure 21C) 
and secured in position with epoxy glue. The top part of the syringe is 
fitted with a size 5 rubber stopper through which a 19 gauge needie is 
Inserted to monitor the pressure with a manometer. A level of blood is 
kept in the syringe so that the bubbles formed wil! merely float on top 


of the level and will not appear in the outlet. All! the connections 
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Figure 19. Schematic representation of the assembly of the perfusion 
R, and Ro are rotating reservoirs | and 2 


Bs 


the Harvard Peristaitic Pumps 


a four-way stopcock © 
» hollow fiber oxygenator 


» blood filter 
B, bubble trap 
Pr, manometer 
05, oxygen 95%, carbon dioxide 5% 

The big square represents the perfusion box where the 

temperature is maintained at 37°C + 2°C. 

The arrows Indicate the direction of blood flow. 

For one-through (single-passage) experiments (non-recirculating 


of medium), the effluent blood from the liver is collected ina 


beaker and the medium is not returned to the reservoir. For 


recirculating experiments, the effluent blood from the liver is 


returned to the reservoir. 
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Figure 20. The Liver Perfusion Apparatus. 
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Figure 21. 


Parts of the Perfusion Apparatus. 
A) Harvard Peristaitic Pump 
B) Bentley by-pass filter — 
C) Oxygenator “a bubble trap 
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are made with polyethylene tubing (PE 240) and Luer-stub adapters. 
The section of tubing passing through the pump comes. from the safti- 
blood administration set. Three-way and four-way stopcocks are 
inserted where necessary to facilitate the selection of the medium 


from the reservoirs. 


c. Operative Procedure 


Male Sprague-Dawley (200-450 gm) rats fed ad libitum were usedeas 
IIver donors. Nembutal® 50 mg/Kg was given intraperitoneal ly to the rat 


to Induce anesthesia. The rat was weighed and placed on a surgical board 


(10 1/2" X 10 1/2") above the perfusion box. The fur of the animal was 

wetted with normal saline and a mid-line Incision was made into the skin 
from the lower abdomen to the neck region. Another mid-line. Incision was 
made along the linea alba into the musculature up to the xipholid process 
which was in turn removed. Bleeding was minimized by clamping the major 


vessels of the abdominal wall near the xiphoid process before mid- 


_ transverse incisions to the right and left of ‘the mid-line were made. 


The. intestines were displaced to the animal's left with a 4" X 4" gauze 
wetted with a normal saline so that liver, portal vein, right kidney, 


the lower inferior vena cava, and the bile duct were visible. 


Bile duct cannulation was mostly done with PE 20 tubing and with 
PE 10 tubing for small bile ducts. Cannulation of the bile duct was 
done by first tieing the distal end of the bile duct. Using fine 
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a 
scissors, a small incision was then made in the bile duct and the 


bevelled side of the tubing was Introduced Into the region where bile 
oozed out. The tubing was pushed into the point where the duct arose 
from Its branches and secured with a ligature (Deknate! 0-0 silk). 


The gastroduodenal vetn was tied at its junction with the portal 
vein. Two loose ligatures were passed around the portal vein at 
intervals of 3-4 mm below where the vein divided to enter the separate 
lobes of the liver. After tieing the ligatures at the inferior vena 
cava at a point just above the right renal vein, and at the distal end 
of the portal vein, the — vein was cannulated with a 16 gauge 2 1/2" 
catheter placement unit, a double cannula from which the sharpened central 
cannula could be withdrawn after insertion into the vein. The remaining 
teflon catheter was secured in place by tieing the loose ligatures. The 
catheter, filled with the backflow of rat blood was connected to-the. 
outflow from the bubble trap. The pump and timer were activated. The 
thorax was opened by a transverse incision just above and along the line 
of insertion of the diaphragm with curved ectesers. Two longitudinal 
cuts towards the head from the two ends of the transverse incision were 
also made. The sternum was cut and the rib cage totally removed, 
exposing the lungs and the heart. The right atrium was cut with fine 
scissors and a 14 gauge 2 1/2" catheter placement unit. Only the teflon 
catheter was Inserted through the atrium Into the inferior vena cava to | 
collect the hepatic venous blood. Ligatures were made to secure this 


¥ 


f 


outfjow catheter. The outflow was either (1) returned to the reservoir 
in recirculating experiments or (2) collected Into a separate beaker in 
once-through (single passage) experiments where the medium was not 


recirculated. 


The surgical board, with the rat perfused in situ was then lowered 
Into the perfusion chamber and maintained at a temperature of 37°C + 2°C. 


To minimize drying, a piece of Saran wrap was placed above but not in 
contact with the liver. 3 


d. Method and Time of Sampling 
1) Blood 


a) Single Passage (Steady State Experiments ) 


Single passage experiments were conducted using lidocaine and MEGX. 
During each steady state condition, a constant influent drug concentra- 
tion was used. A ml aliquot was taken from the reservoir at zero time 
and at the end of each steady state condition (or at the end of the i 
experiment) and at every time new medium containing the same concen- 
tration of drug was added to the reservoir. The samples were stored 
in screwcapped 2-dram clear glass sample vials unti! analyzed. The 
influent drug concentration (Ci) was taken as the mean of the Individual 


‘concentrations. Blood samples (12 mis) were taken from the outflow | 


3 
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leaving the liver and stored in screwcapped 3-dram clear glass sample 
vials until analyzed. Four samples were taken during the last 10 
minutes of each steady state period (usually 30 minutes). The steady 
state effiuent blood concentration (Co) was taken as the mean of 

the concentration of these four samples. 


b) Recirculating Experiments 


Recirculating experiments were conducted using antipyrine. Samp les 
(2-4 mi) taken from the reservoir at zero time and at appropriate times | 
thereafter, were stores in a 2-dram clear glass screwcapped vial unti! 
analyzed. 


-2) Bile | 


Bile, collected in toto in 2-dram screwcapped glass vials, was 
stored until analyzed. | | 


3) Liver 


At the end of the exper inent, ‘the liver was quickly removed surgical ly 
from the rat carcass and submerged in ice cold methanol. After blotting, 
the liver was weighed In a previously tared vial and reduced to fine 
pleces by scissoring action before (ON NaOH ¢8-18 gm) was added and the 
total weight recorded. The macerated liver was then frozen (-10°C). Just 


prior to analysis, the liver was thawed out and reduced to fine particles 


4 
— 


using a teflon tissue homogenizer (50 mi capacity). 


‘All blood, bile and liver samples were stored In the refrigerator 
(O°C) until analyzed, usually one or two days after the experiment. 


a. Lidocaine Assay in Blood, Bile and Liver 


An appropriate aliquot was pipetted (blood, bile) or weighed out 
(iver) and placed In a screwcapped (teflon-! ined) culture tube 
(16 X 150 mm). The sample size was chosen on the basis of the expected 
lidocaine content to get comparable peak heights of Iidocaine with Its 
internal standard. All samples were adjusted to the same volume ( 6 or 
12 mi for blood analysis and 2 gm for liver analysis) by the addition 
of blank blood or blank IIver tissue such that the volume ratio of blood 
or tissue to the organic phase within the same set of analysis remained 
constant. 200 mc! of = 10 mg/L solution of tater standard (Br-DEA for 
blood and Bile and WI2I74 for liver, blood and bile) in phosphate buffer 


was added to each tube. The assay procedure, similar to that of Beno- 


witz and Rowland (108) is as fol lows: ea 

(1) 200 mc! 2N NaOH and 6 ml of anhydrous ether were added to the culture 
tube containing lidocaine and the internal standard. The tube was 
then capped tightly and shaken In a tilt-type mixer for 10 minutes. 
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2. Chemical 


The tube was centrifuged at 2000 rpm for 10 minutes. 


The ether layer was transferred via a Pasteur pipette to a nipple- 
- bottomed tube (nipple of 0.5 cm o.d. and 2-3 cm length fused onto 
a 16 X 150 mm culture tube) containing 200 mc! 0.5N HCI. : 
Ne 
(4) The ether-acid mixture was vortexed manually by repetitive inversion 


for one minute. Special care was taken to ensure constant mixing. 


(5) After centrifugation for 10 minutes at 2000 rpm, the ether layer | 
was aspirated off and discarded. | 


(6) A ‘fresh 2 ml ether was added to the tube and vortexed again for 


approximately 15 seconds. 


(7) After centrifugation for 10 minutes at 2000 rpm, the ether layer 
was again aspirated off and discarded. Care was taken at this 
step to ensure al! the ether was removed. 


(8) To the acid layer was added 200 mci 2N NaOH and 25 mci distilled 
carbon disulphide (CS>). The tube was then immediately capped 
and vortexed for | minute. 


(9) After centrifugation at 2000 rpm for 10 minutes, the carbon disulphide 
layer appeared as a bubble at the bottom of the nipple. 
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(10) About 5 mel of the CS> layer was sampled carefully with a 10 mc! 
Hamilton microliter syringe, making sure that none of the aqueous 
layer was Included and 3 mc! was injected into a gas chromatograph. 


Figure 22 Illustrates gas-chromatographic tracings obtained by 
taking a blank blood sample (6 mi) 4A) and the same volume of blood 
containing !idocatne and Br-DEA, (B) and WI2174 as the internal _ 
standard (C), through the extraction procedure. A Varian 1200 model 
gas chromatogram equipped with a flame lonization detector was used. 
Separation was ished 6' long 1/8" o.d. glass column packed 
with 3% OV-17 on 100-120 mesh Gas Chrom Q. Injector port, column and- 
detector temperatures were 265°, 190° and 270°C respectively. Carrier 
gas (nitrogen), air and hydrogen flow were 25, 300 and 25 mis/min 
respectively. | 


Figure 23 represents calibration curves for 0.125 -2.0 mcg samples 
of lidocaine hydrochloride monohydrate with | mcg of Br-DEA as the internal 
‘standard in blood, and with | mcg WI27I4 as internal standard In blood 
and the liver. The peak height ratio of lidocaine/Br-DEA and |idocaine/ 


Wi27/@+ are found to be linear with the amount of lidocaine used and 


have been used for quantitative purposes. 
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Figure 22. Chromatograms obtained when blank blood (A), | mcg 
lidocaine hydrochloride monohydrate and | mcg Br-DEA 
In blood (B), and | mcg lidocaine hydrochloride 
monohydrate and | oon WI2714 In blood (C) were taken 


through the assay procedure. Attenuation is at 64 


and range 107! Samp/mv. 
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Figure 23, Calibration for lidocaine 
The peak heaight ratio (PHR) of lidocaine to Its internal 
standard is plotted against the amount of lidocaine hydro- 
chloride monohydrate (0.125-2.0 mcg) added to biological 
sample. | 
(@) represents the calibration curve of | idoca i nefBr-DEA 
in blood | 
(.o ) represents the calibration curve for |idocaine/Wi2714 
In blood. | 
( & ) represents the calibration curve for |idocaine/W12714 


in liver tissue. 
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b. Antipyrine Assay in Blood and Bile 


An at tenet of blood (0.5-2.0 mi) or bile (0.5 ml) was pipetted Int 
a screwcapped (teflon-! ined) cutters tube (16 X 150 mm). The volume used 
was based on the expected antipyrine concentration present to give 
comparable peak heights of antipyrine to its internal standard 4-bromo- 
antipyrine. All the samples were made up to the same volume with blank 
— blood such that the volume ratio of blood to the organic phase within 
_ the same set of analysis remained constant. The assay procedure is 
similar to that described by Huffman (109) and other Investigators (110, 
Itt). The procedure is as fol lows: 


(1) 200 mc! 2N NaOH and a distilled dichloromethane (CH5Ciz) were 
added to the tube containing antipyrine and: 4-bromo-antipyrine 


(500 mc! of 20 mg/L solution of Internal standard in phosphate 
buffer) and capped. 


(2) The top aqueous layer and the Interphase were aspirated off. 


(3) The remaining CH2Cl_ was transferred via a Pasteur pipet into a 
nipple tube containing smal! clean carborundum boiling chip 


and evaporated to dryness under a stream of nitrogen and in a 
warm water bath (45°C). 


| 
a 
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(4) The sides of the nipple tube was rinsed with 0.5 ml of CH2Clz and 


again evaporated to dryness. 


(5) The residue was dissolved in 50 mc! of distilled water and vortexed 
for 350 seconds. 


@ 


(6) 1-3 mcl of the aqueous solution was injected into a gas chromatograph. 
Figure 24 illustrates gas-chromatographic tracings obtained when a 


blank blood sample (A) and the same volume of blood containing anti- 
pyrine and its internal standard were taken through the assay procedure. | 


A Varian 1200 model gas chromatograph equipped with a flame ionization 
- detector was used and separation was accomplished using a 6' long 1/8" o.d. 
glass cotem packed with 3% OV-17 on 100-120 mesh Gastithrem: 6. injector port, 
column, and detector temperatures were 235,230 and 270:C respectively. 
Gas flows for nitrogen, air, and hydrogen were 25,300 and 25 mis/min 
Figure 25 is a calibration curve for antipyrine (0.625-10.0 mcg) 
obtained by plotting the peak height ratio of antipyrine to 4-bromo- 
antipyrine against amount of antipyrine and is found to linear 


in the range examined. 
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Figure 24. Chromatograms obtained when blank blood (A) and 


» blood containing 5 mcg antipyrine and 10 mcg 
4-bromoeanttpyrine (B) were taken through the 


antipyrine assay. Attenuation is at 128 and 


range 107!° amp/mv. 
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Figure 25. Calibration curve for antipyrine 


The peak height ratio (PHR) of antipyrine to its internal 
standard (4-bromo=antipyrine) is plotted against the amount 
of antipyrine (0.625-10.0 meg). 


(0) represents the calibration curve of antipyrine in blood. 


(C) ) represents the calibration curve of antipyrine in plasma. 


(A) represents the calibration curve of antipyrine in water. 
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- MEGX Assay in Blood, Bile and Liver | 
MEGX In blood, bile and liver were extracted using the same procedure 
as reported by Halkin et al (112). An appropriate aliquot was pipetted 
(blood, bite) or weighed out (liver) and placed In a screwcapped (teflon- 
“tined) culture tube (16 X 150 mm).. The sample size (0.25-2000 mc! for 


blood and 2 gm for liver) was chosen on the basis of expected MEGX content 
to get comparable peak heights of MEGX and its Internal standard. All| 
samples were adjusted to the same volume (2 ml or 2 gm) by the addition 
of blank blood or blank liver tissue to give the same volume ratio with 
the organic phase for the same set of analysis. 100 mc! of 5 mg/L | 
solution of Internal standard in phosphate buffer solution was used for 


all samples. The assay procedure Is as follows:. 


(1) To the sample containing MEGX and its Internal standard, 200 mc! 
2N NaOH and 2 mi distilled penty! acetate were added In a culture 
tube (16 X 150 mm) and mixed for 10 minutes in a tilt-type mixer. 


(2) After centrifugation at 2000 rpm for 10 minutes, the penty! acetate | 


was transferred via a Pasteur pipet to a nipple-bottomed tube 
containing 200 mc! 0.5N H5SO0,4 and then the tube was capped and 
vortexed manually for | minute to ensure thorough and complete 
mixing. | 7 


(5) After centrifugation at 2000 rpm for 10 minutes, the penty! acetate 


layer was aspirated off. 
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(4) A fresh | ml penty! acetate was added. The mixture was vortexed ‘ 
again and centrifuged. | 


(5) After centrifugation at 2000 rpm for 10 minutes, the penty! acetate 


layer was again aspirated off. 


ad 


(6) 200 mci 2N NaOH and 300 mc! penty! acetate were added to the 


remaining aqueous layer and vortexed for | minute. 


(7) After centrifugation, 25 mcl of a freshly prepared 2% solution 
of pentafluorobenzoy! chloride in chromatographic grade benzene 


wad added. 


(8) The tube was allowed to stand for 5 minutes, and then gently 
capped and allowed to stand for another 10 minutes. 


(9) The tube was vortexed and centrifuged for 10 minutes. 


(10) I-3.mcl of the penty! acetate layer was injected into a gas 
chromatograph equipped with a Scandium Tritide electron 
capture detector. | 


A Varian 1200 series gas chromatograph fitted with a Scandium 
Tritide electron capture detector and a 6'long #/8" 0.d glass column 
packed with 3% OV-17 on Gas ChromQ on 100-120 mesh was used. Carrier 
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gas flow (5% methane In argon) was 20 mi/min. Injector port, column 
and detector temperatures were 250,245 and 300°C respectively. Typical 
chromatograms of blank blood sample (A) and MEGX and its internal 
standard tn blood (B) taken through the extraction procedure were 


_ Shown In Figure 26. A typical calibration curve obtained by adding 


‘known amounts of MEGX (50-750 ng) and 500 ng of its internal standard 
taken through the assay procedure is shown in Figure 27. The ratio 
of the response of the derivatized MEGX to that of the derivatized 
internal standard was found to be proportional to the amount of MEGX 


examined. 


d. Protein Determination 


The amount of protein present in a sample was determined by a — 
modification of the Lowry method (113). The procedure is as follows: 


(1) 100 mc! sample was placed into a plastic microfuge tube. 


(2) 150 mcl 15% trichloroacetic acid solution was added, the tube was 
capped, vortexed wel! and allowed to stand for 15 minutes. 


(3) The tube was vortexed again and centrifuged. 


: (4) The tip of the microcentrifuge tube containing the protein 


precipitate was cut off and collected in a disposable culture tube 
(12 X 75 mm). 


2 . 
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Figure 26. Chromatograms obtained when 2 ml blank blood (A), and 


“the same volume of blood containing 750 ng of MEGX and 
500 ng Internal standard (B) were taken through the 
assay. Attenuation is at 4 and range 19710 amp/mv. 
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Figure 27. Calibration curve form MEGX In blood 


The peak height ratio (PHR) of derivatized MEGX to its 
derivatized internal standard is plotted against the amoufit 
of MEGX (62.5-750 nq) 
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(5) The Inner walls of the remaining sort of the microfuge fibé were 
_ washed down with one mi of solution (15 parts 2% sodium carbonate 
Im 0. IN NaOH and 0.3 parts 0.5% cupric sulfate pentahydrate in 

potassium sodium tartrate), and the washings (containing any * 


precipitate) were collected into the culture tube. 


(6) The culture tube was in turn vortexed and allowed to stand for 
10 minutes. 

(7) After standing for an additional 10 minutes, and while vortexing 
slightly, 100 mc! IN Folin Reagent was added. 


(8) The resulting reaction was allowed to proceed for one hour, and 
the absorbance of the sample was then read at 750 nm on a Cary 15 
‘Spectrophotometer at sensitivity = 4. | 


(9) The amount of protein was estimated by reference to a calibration 


curve. 


, _ The calibration curve was constructed in the following manner: 
A 4:100 dilution of "plasma" from the perfusate (1% albumin, 3% dextran 
and 300 mg% glucose in Kreb-Ringer Bicarbonate Solution) .is made by 
diluting 400 mc! of the "plasma" to 10 mi with normal saline. From 


this solution, 0.8, 0.6, 0.4, 0.2, 0.1 and 0.05 ml were diluted to 
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+} mt with normal saline. A blank was constituted with normal saltne 


instead of the protein solution. The samples were treated in the procedure 
described earlier. A typical calibration curve is shown in Figure 28 
where the optical density is plotted against the protein content. 


e. Analysis of the Biochemistry of the Perfusion Medium 


A sample of blood (10 mi) was taken from the unused perfusfon medium 
at zero time and at various times from the effluent venous blood from the 


rat liver during the experiment. The samples were allowed to stand for 


1 hour and centrifuged. The "plasma" layer of the perfusate was pipetted 


off and sent to ICN Medical Laboratories, Portland, Oregon for "Serum 
Profile" examination. This test entails the quantitation of glucose, 
uric acid, creatinine, blood urea nitrogen (BUN, albumin, globulins, 
cholesterol, electrolytes (P, Cl, Na, K, Ca) and enzymes (alkaline | 
phosphatase, lactic acid dehydrogenase (LDH), serum glutamic oxadoacetic 


transaminase (SGOT), and serum glutamic pyruvate transaminase (SGPT). 


The assays are completed within a day of arrival. 


3. Physical 


a. Method of Protein Binding Determination 


The binding of lidocaine and monoethylglycine xylidide to the perfusate 
medium was studied in vitro using the Dianorm® equilibrium dialysis system 


This apparatus consists of twenty teflon cells, each made into two 
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Figure 28. Calibration curve for protein | 
Absorbance Is read at 750 nm on a Cary |5 Spectrophotometer 
at sensitivity = 4. Sodium chloride solution Is "reference" 


blank solution. 


‘g 
4 
. 
t 
a 
. 
? 


oT | 


= 


° 


| 
@ 
| 
| 
| 
© ° 
5 
| 


e | | | 


compartments (half cells) of volume | ml each by placing a section 
(2" X 2") of visking cellulose tubing of thickness 0.025 mm in between 
them. The tubing was prepared as fol lows: 


{1) 2" strips were cut and soaked in distilled water. One side of the 
tubing was cut and gently opened so that the material was thoroughly 
soaked in water on both sides. 
(2) After soaking for 30 min, the membranes were transferred to a 30% 


&thano!l solution and soaked for another 30 minutes. 


(3) The ethanol was removed by washing the membranes In running 
distilled water for 15 minutes. | 


(4) This was repeated before soaking the membranes in Kreb Ringer 
Bicarbonate solution for 50 minutes before they were final ly 


ready for use. 


The cells, packed so that the entire system was water tight 
were mounted on a motor-driven unit to ensure thorough mixing (25 rpm). 
The temperature was maintained at 37°C + 1.°C by immersing the unit 
In a constant temperature water bath. 5 


The procedure involved with equilibrium dialysis is as follows: 
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(1) One mi solution containing the drug in "plasma" was introduced 
into one half cel! with a disposable tuberculin syringe, and one 
ml of Kreb Ringer Bicarbonate solution was simultaneously injected 
into the corresponding half cell. Both solutions were buffered to 
pH = 7.4 (with HC! or NaOH). 


(2) The cells were tightly sealed and placed into the constant 
temperature water bath, and the motor-driven units were activated. 


(3) After the attainment of equilibrium, the units were removed. 
(4) The content in each half cells was collected and assayed. 


The attainment of equilibrium was investigated in a preliminary 
study. Equilibrium was taken to be achieved when the ratio of the 
concentration of drug in buffer to that In’"ptasma" remained constant . 
with time. 100 mc! lidocaine carbony! '4c (specific activity 5.48 mg/0.| 
mC in 10 ml 0.IN HCI) was added to 10 ml of a solution containing 7.05, 
mg/L lidocaine in "plasma". Six cells were prepared according to the 
procedure described above. The solution on the "plasma" side was prepared 


in the following manner: Samples were retrieved at different times up to 


5 hours. The radioactive counts from 200 mc! of "plasma" and buffer were 


counted in 10 ml aquaso!l in a potassium clear glass scintillation vial. 
The counts per minute were converted to disintegration (per minute (dpm) 


(corrected for quenching using AES ratio). Figure 29 shows that the 


Figure 29. Attainment of equilibrium during equilibrium dialysis 
mw dpm in "plasma" side 


W dpm-in buffer side 
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equilibrium was attained as early as two hours. Thus all suksequent 
experiments were done ~~ period of 3 hours. Also material balance a 
indicated that there was no binding of lidocaine to the membranes or 


cells. 


The binding of lidocaine to "plasma" proteins was studied using 
the radioactive drug. 2 ml lidocaine solution (0.005-36.36 mg/L) was 
spiked with 10 mcl of radioactive lidocaine (5.48 mg/0.1 mC in 10 ml 
O/IN HCI) prior to equilibrium dialysis. In the MEGX binding studies 
(0.3-45.0 mg/L), the drug was assayed by the gas chromatographic method. 


The degree of binding (a) is estimated as the conesntrattonootddrgg! ¢n 


the buffer side to that in the "plasma" side at equilibrium. 


b. Measurements of Oxygen Tension and pH 


Measurement of pO? and pH were performed using a Radiometer. Blood 
samples (2-3 mis) were obtained teen the arterial side (immediately after 
exit from the oxygenator) and. the venous side (immediately after exit from 
the liver) in an air-free manner via four-way or three-way stopcocks 
connected to the apparatus. The samples collected in 3 ml plastic dispo- 
sable syringes were capped and frozen immediately in ice. Prior to p09 
measurements, the Instrument was zeroed with "Natural Gas" (without 


oxygen content) and then calibrated with air. The sample was thawed out | 


ving the syringe 2-3 minutes at room temperature and warming 
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with the hands. Then the sample (/-2 mi) was injected Into the oxygen 
electrode, and the stabilized reading was taken as the correct p02. The- 
electrode was then flushed with distilled water. 


Prior to pH measurements, the pH electrode was calibrated using 
standard pH buffers (pH = 6.975). A small volume (0.5 ml) of the thawed 


blood sample was Injected into the electrode and the stabilized reading 


was taken at the pH of the blood. The electrode was washed with gentle 
injections of distilled water between measurements. Recalibration of 
po. and pH electrodes were “performed . prior to each measurement . 


Co Measurement of Perfusion Pressure 


The perfusion pressure was monitored using a Tycoaneroid Sphygmanometer 


connected to the apparatus via the bubble trap as shown in Figure 2IC. 
d. Electron Microscopy. 


Electron microscopy was only performed on one liver preparation 
which was considered to be representative of the others. The work was 
kindly performed by Dr. Tunde Felke, Department of Anatomy, University 


of California at San Francisco. 
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V. RESULTS AND DISCUSSION 


A. Analytical 


1. Biological 


The perfused rat liver preparation is an in vitro preparation 
closest to the in vivo situation. It Is relatively inexpensive and 
the environment of the preparation can easily be manipulated. Direct 
~ sampling of material is also provided In this preparation. However, 
the perfusion mediue used Is ertificie! and deficient In hormones ‘end 
other endogenous’ substances which may alter the metabol Ic activities 
of the system. The rat liver perfused in situ technique is preferred 
over the isolation technique as the time of anoxia during surgery Is 
reduced to a minumum and the handling of the organ Is avoided. euseer. 
only short term experiments (< 4 hours) can be performed in this in situ 
preparation as the liver is in contact with a decaying carcass. In this 
in situ preparation, hepatic blood flow measurements (for the entire 
liver) rather than perfusion flow rates (blood flow per gm liver) are 
made as the weight of the liver is not assessed unti! the end of the 
experiment. However an estimation of liver weight is approximately 
given by 3.5% of the body weight. The liver weights are estimated to 
be 10-12 gm from rat donors (200-350 gm) and value of 10-12 mis/min 
is chosen as the normal blood flow to the liver. 
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The once-through technique (non-recirculating of medium) Is preferred 
to the recirculating experiment when,the conditions permit. Accumulation 
of metabol ites and toxic end products is avoided. Also as the compos i tion 
of the perfusion medium is held constant, (delivering adequate oxygen 
supply, nutrients and constant drug concentration to the organ), steady 
state situations can be studied and different conditions can be set up 
consecutively, with the |iver serving as its own control. This 
drastically reduces the number of exper iments needed (114). A big draw- 

_ back to once-through experiments Is that large volumes of perfusate are 
required which tend to shorten the duration of the experiment because of 


expenses involved. 
Chemica! 
a. Lidocaine Assay 
The slopes of the standard curve prepared from blood, plasma, water 
(in 2N NaOH) and liver (in 2N NaOH) were not significantly different at 
a confidence level of 0.95 (Figure 23). 


1) Stability and Reproducibility . . 


A standard curve with lidocaine hydrochloride monohydrate 


(0.0625-2 mcg) and | mcg WI2714 as the Internal standard in blood, taken 


through the assay procedure was found to remain constant In Its slope 
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for day | and upon reinjection of the same samples for days 2 and 3, 
Indicating that |idocaine was stable in carbon disulfide for at least 
three days after the extraction procedure. 


‘ 


The stability of lidocaine In liver tissue ( stored in 10N NaOH) 
was tested by repeating the liver analysis six months after the first 


analysis. Six samples of the liver tissue were assayed for | idocaine. 
No significant differences were found between the measurements as shown 
In Table 5 Inferring the stability of lidocaine In strong base. This 
supports the findings ot Genastte and Rowland (108). Initially Br-DEA 
was used as the Internal standard, but subsequently It was found to be 
unstable In 10N NaOH (used In liver assay). _ The latter Is probably due 
to hydrolysis. Instead WI2714 was used as It 18 stable In strong base 
and has a shorter retention time than Br-DEA. | 


Table 5. Stability of Lidocaine in Liver Tissues Stored in !0N NaOH 


Amount of Lidocaine in Liver Tissue (meq) 


First Analysis Second Analysis 
(6 months later) 


28.5 
0 21.5 
28.8 
39.5 
8 25.3 
9 72.9 


Large sample sizes (15 ml) were used for analysis of the effluent 


| 
27 
31 
39 
23 
i 68 
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drug-concentration and smal! sample sizes (0.25 ml) were used tor some 
measurements of influent lidocaine levels. The peak height ratio (PHR) 
was tested against different volume ratios of blood/organic solvent. 
No significant differences were detected In the PHR using a ten fold 
difference in the volume ratio although the percent of | idocaine 
extracted varied with the volume of organic solvent used. Apparently 
the extraction of the Internal standard varied to the same degree. 


To assess the reproducibility of the assay, five blood samp les with 
1 mcg |Iidocaine hydrochloride mononhydrate and | mcg WI2714 as the internal 
standard were taken through the assay procedure. The mean was | .20 
with a % coefficient of variation + 14.3%. The reproducibility of the 


. assays between and within days was assessed from the slopes of nine 


calibration curves from nine sets of analyses on different days. The 


mean of these nine slopes was found to be |.30 with a % coetticlent of . 


variation + 6%. 
2) Specificity 


The specificity of the lidocaine assay was tested for possible leler- 
ference by MEGX by taking a mixture of 20 mcg MEGX, 0.125 mcg lidocaine 
hydrochloride monohydrate and | mcg WI2714 in blood through the assay 
procedure. The purpose of this was to demonstrate the possible contribution 


to the lidocaine peak due to the presence of a large amount of metabo! ite 


(MEGX) generated during lidocaine metabolism. The interference by consti- 
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tuents In blood was also ascertained by taking blank blood containing | mcg 
WI2714 through the assay procedure. in neither instance was the | idocaine 
to Internal peak height ratio affected. 


3) Sensitivity 


The minimum amount of lidocaine detected by the assay procedure 
‘was found to be 50 ng at attenuation 32 at 107'2 amp/mv . 


b. Antipyrine Assay | 
The slopes of the standard curves prepared from blood, plasma and — 


water were not significantly different at a Gonfidence level of 0.95 
(Figure 25). 


1) Stability and Reproducibility 


A standard curve with antipyrine (0.625-10 nog) and 10 mcg 4-bromo- 
antipyrine as the Internal standard in blood taken through the assay 
procedure was found to remain constant in its slope for day | and upon 
reinjection of the same samples for days 2 and 3, indicating that anti- 
pyrine is stable for at least three days after the extraction procedure. 
The stability of antipyrine in phosphate buffer was demonstrated by the 
presence of reproducible slopes when the same stock solution was used as 


standards at different times. 
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3) Sensitivity | 


To assess the reproducibility of the assay, four blood samples with 
10 mcg antipyrine and 10 mcg 4-bromo-antipyrine were taken through the 
assay procedure. The mean PHR Is 2.36 with a % coefficient of variation 
+ 2.1%. The reproducibt tity of the assays between and within days 
was assessed from the slopes of four calibration curves (on four sets of 
analyses on four separate days). The mean of these four slopes was found 
to be 0.23 with @ % coefficient of variation + 0.84%. 


2) Specificity 


The Interference by constituents in blood was tested by taking blank 
blood containing 10 mcg 4-bromo-antipyrine through the assay procedure. 
It was found that blank blood did not contribute any interfering substances 


to the assay. 


| The minimum amount of antipyrine detected by the assay at attenuation 
32 and 107'2 amp/mv was found to be 125 ng. 


c. MEGX Assay 
The slopes of the standard curve prepared from blood and plasma for 


MEGX (50-750) and its internal standard (500 ng) taken through the assay 
procedure were found to be linear and did not differ significantly 
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(confidence level of 0.95) from one another (slope = 7.0) (Figure 27). 
The slope of the standard curve prepared from water (slope = 5.5) using », 
the same concentration was linear but stent different from that 
obtained from blood and plasma. This can be due to the more favorable 

solubility or partition of MEGX into water than: blood or plasma during 
its initial extraction withthe organic layer whereas the partition ashe 
the internal standard into plasma, blood or water and the organic layer 


is the same. a 
1) Stability and Reproducibility 


The stability of the derivatized MEGX and its internal standard was 
tested by the preparation of a standard curve with MEGX (50-750 ng) and 
500 ng Internal standard in blood taken through the assay procedure. The 
slope of the calibration curve for day | after the soauy procedure was 
6.5. Upon reinjection of the same samples, the slopes of the curve for 
days 2 and 3 remained linear, but were 7.0 and 9.0 respectively. This 
change in slope may be due to the deterioration of the derivatized 


Internal standard upon standing, or due to its slow partition into the 


aqueous layer upon standing, increasing the peak height ratio with time. 
The stability of MEGX In phosphate buffer solution was proven because 
reproducible slopes were obtained when using MEGX from the same 

stock solution at different times as standard. 


To assess the reproducibility of the assay, six samples containing 
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125 ng MEGX and 500 ng Internal standard in blood were taken through the 
assay procedure. The mean peak height ratio was found to be |.70 with a 
% coefficient of variation + 8.8%. 


Attempts to develop a liver analysis proved unsuccessful because 


of interfering substances. 


2) Specificity 


The gas chromatographic assay for MEGX proved to be specific. 
The presence of a large amount (10 mcg) of lidocaine (the sentant compound ) 
‘ » ° did not change the peak height ratio of the derivatized form of 25 ng 
MEGX (the metabolite) and 500 ng internal standard taken through the 
assay procedure. Blank blood euntetates 500 ng internal standard did 
not contribute Interfering peaks to the quantitation of MEGX. 


3) Sensitivity 


The minimum amount of the MEGX detected by the assay was found to 


be 10 ng at attenuation 32 and 107!2 amp/mv. 
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B. Discusion of the Experimental Procedure 


|, Protein Binding 


It was shown from theoretical analysis that binding to perfusate 


constituents can profoundly Influence the hepatic clearance and 
availability of a drug (See Theoretical). Accordingly, the binding of 


lidocaine and MEGX to perfusate constituents was determined. 


The blood to plasma concentration ratio ( A ) and degree of 


protein binding of (a) of Iidocaine and MEGX In various influent and 


effluent "plasma" and blood samples are shown in Tables 6 and 7 
respectively. Throughout the respective: concentration range studied 
(0.0036-36.00 mg lidocaine/L and 0.8-45.0 mg MEGX /L), neither lidocaine 
nor MEGX appear to bind significantly to components (plasma or red 
blood cells) of the perfusate. The mean of a for lidocaine and 

MEGX are 0.94 + 0.4 and |.00 + 0.06 respectively. The lack of substan- 
tial binding of lidocaine to albumin had been reported (115) and it 
now appears to be so for MEGX and also for the binding of these amines 
to dextran. The value of unity’for~”) for lidocaine and MEGX also 
implies the lack of substantial binding of the Same amines to washed | 
red blood cells. Therefore, changes in protein (albumin), dextran 

and red blood cel! composition should not influence the hepatic 


clearance or availability of these amines. 


| ' 
. 


Table 6. Binding of Lidocaine to Perfusate Components 


Tidocatne*™ Counts7200 mcl** 
concentration buffer side "plasma" side 
(mg/L) before after after 
equilibrium equilibrium equilibrium 
dialysis dialysis dialysis 
blood "plasma" | atte 
2.93 3.21 0.913 537 60! 0.89 
3.64 3.88 0.938 583 65) 0.90 
8.58 8.46 538 581 "0.93 
19.04 20.68» 0.921 674 737 0.93 
36.33 35.50 1.023 560 
0.005 0.004 1.25 536 603 0.89 
0.013 0.13 1.0 596 624 0.95 
0.011 0.012 —-0.917 516 548 0.94 
0.156 0.154 1.013 521 539 0.97 
0.150 0.149 - 1.007 652 677 0.96 
2.874 2.972 0.967 529 519 1.02 
2.906 2.912 0.998 593 617 0.96 
8.744 8.45) 1.035 559 564 0.96 
Mean X = 0.999 : 0.938 
13 
S,D, = +0.068 0.0385 
Level! of confidence = 0.95 3,45 Level of Confidence 0.95 
(df = 12) (df = 12) 


not! significant not insignificant 


*assayed by gas chromatographic method 
**not corrected for quenching; counting efficiency of samples do not differ 
REE 


= C unbound, plasma 
HHH “Fratton free © total, “plasma mc! buffer side 


mc! “plasma” side 
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Table 7. Binding of MEGX to Perfusate Components 


Concentration of MEGX (mg/L) Concentration of MEGX (mg/L) 


buffer side after "plasma"side Blood "Plasma" 
equilibrium after equilibrium 0.484 0.441 0.911 
dialysis dialysis 0.484 0.449 0.928 
16.94 16.42 1.03 Mean X = 0.9195 
15.44 16.09 0.96 ge 
6.76 6.86 0.99 0.0120 
7.41 7.47 0.95 Level of Confidence = 0.95 

2.84 3.33 0.85 (df = 1) 

1.46 1.49 0.97 not isignif icant 

1.58 1.44 1.09 

0.66 0.63 1.05 

0.66 0.64 1.03 

0.77 0.77 1.00 

0.831 0.752 1.10 

0.364 0.369 0.98 

0.354 0.343 1.03 

Mean X = 1.0808 
n = 14 
S.D. =+ 0.0630 
Level of Confidence = 0.95 
A = Cp/C,, 


C unbound, plasma = Coutter side 


_C total, plasma Colasma side 


##, = fraction free = 
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The binding of antipyrine to perfusate components was not examined 
as It was reported by Brodie et al (17) that antipyrine does not bind 
significantly to’ plasma proteins nor blood cells. Thus the values of a | 
and \ are taken as one. _ 


When the values of are known, the ratio 

can be calculated from Equation 18. Benowitz et al (116) estimated 
the ratio of plasma water lidocaine to erythrocyte water lidocaine in 

the rhesus monkey to be 0.92, knowing Cyiood gel = 3-3, 

_ @ = 0.4 and the water content in erythrocytes 70%. Since the blood to 
plasma concentration, (A) one the degree of protein binding (a) are both 
unity for |idocaine in the perfusate medium, cel !/Cyunbound ,plasma 

Is also one (Equation 18). When the water content in erythrocyte is again 
taken as 70%, the ratio of plasma water lidocaine to erythrocyte water 
lidocaine in the perfusate medium (containing human red blood cells) is thus 
0.7. This difference may be due to different membrane characteristics of 
the red blood cell in humans as compared to rhesus monkeys such that move- 
ment of molecules in water crossing membranes is different. 


2, Discrimination between Models | and || by Changing Hepatic Blood, Flow 


of a Highly Cleared Drug at a Concentration to the Liver below the 
Km of the System | 


a. Lidocaine, a Highly Cleared Compound 


On theoretical grounds, the. term A' is essentially constant at 
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concentrations of drug to the liver below the Km of the system. The 
greatest discrimination between Models | and I! is noted by studying 
the changes of perfusion (hepatic blood flow per gm of tissue) on the 


availability of a highly cleared compound. Under |inear con- 


ditions, extraction is independent of the influent concentration (Ci), the 
effluent concentration (Co) of a highly cleared compound Is equally as 
good a discriminator. The latter parameter is used to discriminate 
between the two models with blood flow changes. = 


Lidocaine Is chosen as the mode! compound because preliminary data. 
indicated that its extraction ratio by the liver is very high’ in mam (118) 
in dog (120) and in rhesus monkey (116, 121). The mean extraction ratio 
for lidocaine In the perfused rat liver preparation “ae found by the _ j 
present investigation to be greater than 0.995. This appears to be the . 
highest extraction ratio ever recorded. in addition, certain aspects of 
its metabolism are well defined (122, 126), in particular the conversion 
to monoethyigtycine xylidide (MEGX) (125-127). As an analytical proce- 
dure existed for this deethylated metabolite (112, 124,128), the formation 
of metabolite with blood flow and lidocaine concentration can also be 
examined. The insignificant binding of lidocaine and MEGX to plasma and 
red blood cel! constituents (Pages !24~125) rendering the hepatic clearance of 


these compounds insensitive to changes in perfusate composition, is another 
virtue In the use of lidocaine. | ; 
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b. Viability, Stability and Steady State — 


Before any interpretations can be made, the viability and stability 
of the preparation must be established. The criterion used for viability 
was that the hepatic extraction ratio of the drug remained constant with 

_ time. Figure 30 I!tustrates the attainment of this criterion when a 
constant influent lidocaine concentration (3.53 mg/L) was del Ivered ata 
constant flow rate of 10 mi/min/liver. The effluent concentration of the 
drug was very Jow (0.0115 mg/L) and the extraction ratio very high (0.997) 
over the entire parres of study. The high extraction persisted from the 
first point of sep! ing (7 minutes) onwards, indicating that the prepara- 
ton was stable and viable. As the low effluent concentration persisted 

have been established within 7 minutes. In subsequent experiments, the 
attainment of steady state was ensured by maintaining a blood flow for 30 
minutes before a change (either blood flow or concentration) was imposed. 
The effluent concentration was taken as the mean of four samples taken 

within the last ten minutes of the interval. The bile concentration 


and volume were low and constituted only a negligible route of elimination. 


This ts shown In Table 8 which summarizes the results of five studies. 


’ 


> 
‘ 
. 
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Figure 30. 


Viability of the preparation as indicated by the constancy 
of the effluent drug concentration and hence extraction 
ratio with time when influent concentration of | idocaine 
(3.53 mg/L) was delivered at a constant blood flow rate 
0 mis/min) to the perfused rat liver in situ preparation. 
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Table 8. Lidocaine Elimination by Bile 


Total Volime. Lidocatne Concentration Amount of Total Amoun mination 
of bile (mi) in bite (mg/L) Lidocaine of Lidocaine via by bile 
Elimination infused Into ~ 
via bile (mcg) tiver (mcg) 


1.469 2.204 556 
1.378 4.134 
0.945 1.89 


“1.152 2.304 


*Total amount of lidocaine infused Cty. t, 
ke 


where ¥, = blood flow 
Ci influent |tidocaine concentration 
+ = time interval for steady state period 
n = total number of steady state periods 


The biochemistry of the medium, the oxygen tension, perfusion 

e pressure as well as electron microscopy were also performed to establish 
the viability of the preparation. The biochemical results for three 
liver preparationsare tabulated in Table 9. The electrolytes remained 
relatively constant. The lack of potassium leakage (from liver cells to - 
the blood) Indicated the absence of severe rupture of cel! membrane. 
However, the rise in the levels of some enzymes pointed to the occurrence 
of cell leakage (129) and indicated that the liver suffered some degene- 
rative changes during perfusion. No globulin should be present In the 
medium. The reading may be an erroneous one. 
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The oxygen tension and pH of arterial and venous blood were measured 


at different flow rates in some studies. Table !0 shows the results of 


_ these measurements. 
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Table 10." Oxygen Tension in Arterial and Venous Blood at Varlous 


Flow Rates 


Study # Blood Flow Arterial Blood | Venous Blood ae 
(mis/min) Oxygen tension 51, 
: (mm Hg) pH (mm Hg) 


16 


14 


365 not measured 32. ~not measured 


16 392 28 4 
19 measured 20.2 22: sur 


Is combined with oxygen (for 0.45 (130). The. 


> 


33) 7.38 7.12 
14 380 7.23 
12 » 337 7.14 12 7.09 
0 359 7.24 10 6.98 
16 403 7.0 16 6.98 
2 12 238 7.42 16 6.914 af 
10 7.0023 6.912 
12 175 7.408 13 6.949 
| 14 170 7.202 12 
16 257 7.094 15 7.052. 
3 12 175 7.15 7.08 
10 202 7.18 7.09 
12 171 7.32 13.5 7.18 
14. 15! 7.15 7.067 
abi 145 7.22 15 7.106 
16 123 7.18 17 7.09 | 
4 19 
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blood perfusate medium has a lower hematocrit of 0.2 whereas the oxygen 
pressure for arterta!l blood under all flow rates greatly exceeded the 
value of 100 mg Hq. It was thus Inferred that complete saturation of 
the hemoglobin by oxygen did Indeed take place. The high arterial 
oxygen tension measured in the arterial samples in the preparation | 
greatly exceeded the value of 45 mm Hg, a velue reported by Cuming 
and Manner ing (64) to be the minimum arterta! oxygen tension for 
"unhindered" (norma!) hexobarbi ta! gutebetion tn the isolated rat 

liver preparation. Thus the oxygen supply evidenced by the high arterial 
oxygen tension was considered adequate to maintain the Ilver preparation 


The pH of the arterial and venous blood averaged 7.22 # 0.121 and 


in a viable state. 


7.05 4 0.78 respectively from the sixteen measurements. Although the 


pH of the perfusate was Initially adjusted to 7.4, the arterial blood 
had a pH of 7.22. This may be due to the presence of 5% carbon dioxide 
in the gas supply for meniibhen (95% oxygen and 5% carbon dioxide) 
which may dissolve in the blood or be carried by the hemoglobin. The pH 
may possibly be maintained at 7.4 If 100% oxygen is used in the gas 
supply. Another method would be to titrate the medium with base to a 

pH of 7.4 durffig the experiment. The venous pH is not siqnt?tanntiy 
different from the arterial pH, yet one can stil! see a decrease towards 
acidity due to the accumulation of acidic end-products of endogenous 
metabo | ism. 
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The perfusion pressure was monitored distant a liver (see 
Figures 20 and 21C). Consequently it served only as a semi-quantitative 
measure of the actual pressure within the liver. Nonetheless, the 
monitored pressure reflected changes in liver resistance to the pump 
action, and at a constant blood flow, the pressure of the system should 
be constant. This was demonstrated in one experiment where blood flow 
was kept constant at 10 mis/min. The preseure during the entire 
the cane (16°20 an lig). On (tear blend 
flow, perfusion pressure should increase according to Poiseulle's law (59). 
If liverfbigedefiewets returned to the original flow rate, the pressure 
should also i rn to its original value. An increase in pressure in 
this insta would indicate a loss of its elasticity and integrity of 
col luter structure. Table |! illustrates the flow-pressure relationship, 
confirming that there are no hysteresis effects. | 


Table I!. Flow-Pressure Relationship of the Perfused Rat Liver in situ 


Preparation 
Blood Flow (mis/min) Perfusion Pressure (mm Hg) 


10 | 20-22 © 


12 22-24 
10 20-22 
\4 28-30. 
10 21-22 
16 32-33 
10 21-22 
> 
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Electron microscopy was performed only once. The liver, chosen | 
Penson’ ye was fixed with osmium tetroxide, microtomed and screened by 
an electron microscope. The electron micrographs indicated that the 
mitochondria, cristae, ribosomes, endoplasmic: reticulum and the nuclei 
were still intact after three hours of perfusion. Lysosome elements 
were also abundant. Some glycogen stores were left, and there was no 
extensive vacuol!ization, a process that accompanied cel! damage and loss — 
of Integrity of cellular structure (131). In some instances, microvilli 

were destroyed and some endothelial lining damaged. All these findings 
indicated that the liver preparation retained most of its identifiable 
cellular structures. However the slight vacuolization showed a trend 
towards deterioration of the preparation (132). 


c. Linearity 


thestwo.mode|s. Is. simplifiedwhen operating 


under linear kinetic conditions (independent of concentrations). To test 
for linearity, the concentration of lidocaine to the liver was varied 

- from 0.95 to 7. mg/L at intervals of 30 minutes while maintaining a constant 
blood flow of 10 mis/min. The stability of the system was checked by 
repeating the initial input condition at the end of the experiment. The 
data (Table 12) shows no significant trend in elther the availability, 
(Co/Ci) or the extraction ratio with varying influent drug concentration, 


| ~ Indtcating that the system is linear and stable at concentrations below 
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7 mg/L and at a hepatic blood flow 10 mis/min. Subsequently, to ensure 
linearity, an influent lidocaine concentration at or below 4 mg/L was 


always employed. 


Table 12. Constant Extraction of Lidocaine with Influent Concentration- 


blow 7 mg/L 
Lidocaine concentrations (mg/L) Availability. Extraction Ratio 
Influent (CI) Effluent (Co) . (Co/C1) (Ci-Co)/Ci 
7.00 0.0431+ 0.00758 0.0062 0.9938 
5.73 0902564 0.00292 0.0045 1079955 
3.00 0.0152 0.0008! "0.0051 7000089 
1.95 0.0094 + 0.00125 0.0048 0.9952 
0.95 0.0039+ 0.00084 0.004 0.9959 
6.53» 0.0571 0.00809 0.0087 0.9913 


=4 §.D. 


Experimental Design 


Initially, experiments were conducted in the following manner. Blood 
flow to the liver was varied from 16,12,8 and 4 mis/min and then returned 
to the original flow rate of 16 mis/min, with each steady state period 
being a 50 minutes Interval. In-some experiments, the order of blood flow 


was reversed from 4 to |I6 aistela and back to 4 mis/min. The choice of 


16 mis/min as the upper limit was based on ore! ininary data suggesting 
that the preparation deteriorated at flow rates above 16 mis/min. Table 13 


4 
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shows the effects of such changes In blood flow on the steady state | 
extraction of lidocaine at a constant influent concentration of 3.75 mg/L. 


Table 13. Influence of Hepatic Blood Flow on the Extraction of Lidocaine 


Flow rate Lidocaine effluent Extraction ratio (ER) 
(mis/min) concentration (mg/L) 

16 0.0449 + 0.0045 0.9987. 

12 0.0245 + 0.00142. 0.9935 

0.0187 + 0.0033 0.9950 

00914 + 0.0184 0.9756 

16. | 0.0264 + 0.0008 0.9930 

n=44 S.D. 


As Sheevattentty predicted, decreasing blood flow from 16 to 8-mis/min 
decreased the effluent drug concentration. Unexpectedly, on further de- 
evens leg the blood flow rate to 4 mis/min, the extraction of the drug fell. 
This paradox may be due to partial collapse of the hepatic vascular bed at 


low perfusion pressures (59) which result from low blood flow rates to the 


liver. Under these conditions, the effective areas of sinusoids in 
contact with blood are reduced, leading to a decrease in extraction of 
the drug. When the effective areas of the sinusoids are in maximal 
contact with blood, a limiting state of hepatic vasculature called 
Polseulie's region is reached. in this region, the ratio of blood flow 
to pressure is a constant oe further increases in pressure beyond this 


value do not open up new channels of perfusion within the hepatic 


vasculature. (59). : Such a state must have been reached at flow rates of 
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8,12 and 16 mis/min for increases in pressure did not increase the 
extraction ratio (due to Increase in effective perfusion). Rather, 
the behavior of the extraction ratio was in agreement with the 
predictions. 


Because of these potential physiological constraints, subsequent 
experiments were conducted with 10 mis/min as the minimum value such 


- that the flow changes were from 16, 14, 12, 10 (descending order) and 
back to 16 mis/min again (ascending order). This design seemed 


to alleviate the deviations due to the collapse of the vasculature 
at low pressures (low flow rates). However another separate problem 
arose. Namely, that the viability of the preparation fluctuated from 
one steady state to enother, causing difficulty in the Interpretation 
of the data. 


To overcome the last problem, the following design was developed. 
In this design, a control flow, e.g. 12 mis/min is chosen to perfuse 
the rat liver at a constant influent drug concentration. After 25 
minutes of perfusion, the flow is randomly changed to 10, 14 or 16 
mis/min for a further 25 minutes before returning the flow back to the 
contro! flow (12 mis/min). This procedure is repeated for each change 
In blood flow. An example is shown in Figure 31. This design provides 


_ the most meaningful Interpretation of the data. 


Figure 31. Schematic representation of the design of experiments 
Jhsed to discriminate between two models of hepatic drug 
clearance with alterations In blood flow. Each period 
of perfusion is 25 minutes. A control flow rate of 12 
mis/min is chosen and saberveptes ‘ot random by flow rates 
of 10, 14 or 16 mis/min. 
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e. Results and Treatment of Data for the Flow-Change Experiments Conducted 
Inf luent Lidocaine Concentrations below 4 mg/L 
The enzyme activity of the system during the flow-change is considered 
the sameas the average of that of the contro! flow periods Immediately 
_ before and after the change. The effects of flow changes on hepatic 
extraction are then easily interrelated and interpreted even when the 
viability of the preparation fluctuates slightly. An example of a typical 
experiment is shown In Figure 32 (Study | In Appedix IX) where the 
control flow rate was 10 mis/min. The effluent lidocaine concentration at 
a particular flow rate is compardd to the average effluent lidocaine 
_ concentration during the control flow rate and plotted against blood 
flow. Predictions of the effluent drug concentrations for Models 1 and 
1! are ma@e in the fol lowing manner: 


Hepatic blood flow (to the entire liver) rather than the perfusion 


rate is used as in the perfused rat liver in situ preparation as the 
weight of the liver is not known until the end of the experiment. 
? Furthermore the liver welght obtained at the end of the experiment 
may be overestimated due to edema or liver enlargement. Most important 
of all, the predictions within a liver preparation can be made using 


The average effluent |idocaine concentration of the contro! flow 
| flanking a particular blood flow is used to calculate the extraction 
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either Proot row or Tale. 


‘Figure 32. The predicted and observed | Idocaine date for Models | 
: and I! when blood flow Is changed to 12, 14 and 16 mis/min 
from the control flow rate of 10 mis/min (Study | - Appendix 1X) 
The Ines represent predicted data for Models | and 1! and the 


points are experimental. 
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| ratio and the term A' as In Equation 19 for Model» | and Equation 27 for 


Mode! ||. These A' terms are in turn used to predict the extraction 
ratio and effluent drug concentration at that particular flow for each 
mode!. From Figure 32 it is seen that the observed data are predicted 
more accurately by Model |. 

A series of eight additional experiments ars performed in the same 
manner using 
randomly chosen flow changes. The results of these nine experiments 
are tabulated in aeeontin 1X. The observed and predicted results for 


Models | and I! for these nine experiments which were performed on 


\ 

different rat livers with different orders of flow and at different 
times were grouped together as shown in Figure 33 for Model | and 
Figure 34 for Model II. 


The straight line with slope = | represents the perfect correlation. 
The data (predicted versus observed effluent Idoca ine concentration) tor. 
Models | and I! are fitted individual ty to a straight line by regression 
analyses and the resultant slopes obtained are then compared to the 


straight line with slope = |. Table 14 summarizes the generated 
statistics. | 
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Figure 33. Predicted versus observed effluent |idocaine concentrations 


for Model | for a series of nine experiments performed ata 
low influent lidocaine concentration (4 mg/L) with alterations 
of blood flow. The line with slope = | Indicates a perfect fit. 
The predicted and observed data are given in Appendix IX-A-B-C. 
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| Figure 34. Predicted versus observed effluent lidocaine concentration for 
_ Model I! for a series of nine experiments performed at low _ 
Influent lidocaine concentration (4 mg/L) with alterations 
of blood flow. The line with slope = | Indicates @ perfect 


fit. The predicted and observed data are given in 
Appendix 1!X-A-B-C. 
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Table 14. Regression Analyses of Data and Comparison of the Slopes 


to Slope = | 
~*~, 


Statistical Parameter 


25 25 


0.00117 


0.0001 389 


sy2 0.000234 0.000234 
* 0.000047 0.0001438 


1.16635 '.0.28684 
0.01018 


0.00012 


corr. coeff. (r) 0.8986 0.6415 
| 0.000235 0.0000719 
0.004848 0.00848 
+ 1.40083 


46 


df 


level of confidence 958 
~ not significant not significant 


(ng - 2¢ + - 2)s%q above from 
= — --Models | & II. 
on 


as there is perfect 


df = (ny #7 - 4) 


Mode! | Model 11 
intercept (b) 
46 
| 


The t statistics for Model's | and I! are 1.4008 and 9.9649 respectively, 
with 46 degrees of freedom. This value of t (df = 46) Is not significant 

for Model | at 95% confidence Interval whereas it Is for Model I!. Based 

on this finding, Model |! is rejected as to having a slope equal to one 

and Mode! | Is accepted as having a slope equa! to one at 95% level of 
confidence. Although a statistical analysis Is performed to accept or 

reject the data based on the "goodness of fit" to the straight line with 
slope = | for perfect correlation of observed and prediction results, it 

Is Theppropriete to quote such statistical parameters. This Is so because 
the data are derived from different populations whose means and variances 
may be different (134). | 


f. Mass Balance with Liver Analysis 


From theoretical analysis, discrimination between the two models Is 


best perceived with the use of a highly extracted compound (extraction 
Is due to metabolism and not hepatic uptake) with blood flow changes... = 
Under steady state conditions uptake is essentially complete, and the 

rate of loss of the drug should be accounted for only by metabolism. — 

Since steady state conditions were achieved within 7 minutes as shown | 

in one study, (Page! 129) and it is inconceivable that lidocaine is taken 

.up by the liver to a great extent.» However, to muattvn the point that 

the removal of lidocaine during its passage through the liver is indeed 


by metabolism, liver analysis was performed in seven livers and the results 


are given in Table 15. 
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the amount of |lidocaine present in the liver as only wet weights of the 
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From mass balance, the total amount of lidocaine infused equals the 
amount of drug In the liver, the total amount eliminated by biliary 


— excretion and the total amount metabolized. It was shown earlier that 
the biliary route did not contribute significantly to the removal of 


lidocaine, and it is shown here that liver uptake of lidocaine Is also 
insignificant (an average value of 0.35% of dose is present In the 
liver). Furthermore, this estimation of 0.35% Is an overestimation for 
liver (containing blood) wene assayed and that the liver was not flushed 
with blank blood or saline prior to storage. This finding confirmed 
that lidocaine does possess a high extraction ratio (>0.995) and this 
high value Is totally attributed to metabolism. 


Knowing the amount of lidocaine In liver (corrected for lidocaine 
in blood), one can easily calculate the>steady state partition coeffi- 
clent (Ri yp) (Table 15). This is done by dividing the amount of lido- 
caine per gm of liver tissue by the steady state effiuent lidocaine 
blood concentration of the last steady state condition for the perfused 
rat liver preparation. A mean value of 132.7 + 97.3 was anata, This 
value is very high compared to the value reported by Benowitz et al (116). 
They reported a value of 0.6! for partition coefficient (Ri/p)» the 
amount of lidocaine per gm liver to the effluent plasma concentration 
In the rhesus monkey. Even when a correction of the plasma eomneitieibinn | 
to blood concentration Is made, this value Is substantially less than the 


Rize value tn the rat liver preparations. A value of one is anticipated 


\ 


for Ri yg for lidocaine as a and 4 are both unity for the binding to 

: the perfusate medium. The experimental value is (Ri/p = 132) extremely 
high. A possible explanation for this high value Is that the amount 
of IIdocaine In the blood Is underestimated by taking the volume of 
blood (1.5 mis) multiplied to the concentration of drug in the efftuent. 
The liver may have stopped its eliminating activity when It Is immersed 
in methanol so that the amount of drug that Is actually In the blood 
is underestimated hence leading to an overestimation of the amount of 


_ lidocaine per. gm of liver tissue. . 


3. Clearance of a Poorly Cleared Compound with Changes in Blood Flow 


Previous studies had shown the effects of blood flow on the 

ayal lability highly cleared compound as (lidocaine). Theoretical 
considerations have shown that poorly cleared cupeente are poor dis= 

' cr iminators- for models of hepetic drug clearance with blood flow 
(Page 69). Theoretical analysis has also shown that the clearance 

for these poorly cleared compounds would approach the eliminating 

capacity, term A' of the system and hence be independent of hepatic 

blood flow (Pages 39 and 46 ). The clearance of a compound with low 

extraction ratio should be tested with changes in hepatic and blood | 

flow if the model(s) holds true, then -hepatic blood flow should exert 


no Influence on the clearance of such.a compound. 


The influence of hepatic blood flow on the hepatic clearance of a 
2 if 
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poorly cleared compound was Investigated using antipyrine which Is 


‘reported to have a low hepatic extraction ratio (135). Although the 
degree of plasma protein binding and blood cell partitioning of a 


poor ly cleared compound Influence its clearance, antipyrine is 
essentially unbound and evenly distributed in total body water (117), 
and hence the parameters a and A do not affect Its clearance. 


Preliminary once-through etipasegy studies confirmed that the 
extraction ratio of antipyrine is low with a value of 0.08. Indeed 
the ditterence between the and effluent drug concentration 
was so small that it lay within ‘the sensitivity of the assay. To ~* 
circumvent this problem, the recirculating perfusion method was used. 
In the system employed, a bolus of drug was added initially 
to the reservoir,’ As the influent blood. passed through the | Iver drug 
was being removed. The effluent blood, containing less drug than the 


influent blood (before the latter transited through the liver) returned 


to the reservoir. Thus the concentration of drug In the reservoir 
decreased with time due to removal of drug by the liver. This situation ; 
resembled a two-compartment model, where the liver was an eliminating 
Compartment connected to the reservoir, a non-eliminating compartment 
(Page 19), the sampling compartment being the reservoir. 


Under a constant flow rate of 10 mis/min to the liver, the concen- 


tratioeet antipyrine in the reservoir dec! ined exponentially with 
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time (Figures 35 and 36). As predicted upon a change in blood flows, 
the clearance and hence the slope of the exponential decline of 
concentration with time (Figures 37 and 38). The various parameters for 


these four experiments are summarized in Table 16. 
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Figure 38. Exponential decay of the concentration of antipyrine in 


the reservoir with time. under constant blood flow (10 mis/min) 
to the liver preparation ina recirculating exper iment 
(Study 1). 
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Figure 36. Exponential decay of the concentration of antiyprine in the 


reservoir with time under constant blood flow (10 mis/min) 
to the liver preparation in a recirculating experiment 
(Study 11). | | 
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Figure 37. The lack of effect of changes in hepatic blood flow on the 
. exponential decay of the concentration of antipyrine in 
the reservoir with time in a recirculating experiment 
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Figure 38. The lack of effect of changes in hepatic blood flow on the 


exponential decay of the concentration of antipyrine in the — 


reservoir with time in a recirculating experiment (Study IV). 
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The volume of distribution (V4) of antipyrine in the perfused rat 
liver In situ preparation is the total volume that antipyrine distributes 
in. This volume relates the concentration of drug at a certain time to 
the amount of drug In the reservoir at that instant. At time zero, the 
product of Vg and the concentration at zero time (€5(0) give the total 
amount (Dose) at zero time. The Vq Is in fact the sum of all the volumes 
in the compartments. in the liver preparation, it is given by the sum of 
the volume of the reservoir (V,) and the effective volume of the liver 
URi/p) (14) where V, is the volume of the liver and Ri/s is the 
partition coefficient of the compound between the liver and effluent 


venous blood. 


> 9 


The effective volume of the liver is the volume of the liver that 
the drug (wth concentration as sampled from the reservoir) appears to 
‘distribute in. When the value of V; is given, one can easily calculate 


the partition coefficient of the drug Into the liver and effluent venous 
blood. There Is considerable variation tn the effective liver volume 

in the preparation as seen in Table 16. A very likely explanation for 

Fen this would be due to error in the measurement of the volume of the reservoir 
(VR). This volume is given by the mis of perfusate used in the experiment. 
it Is very conceivable that some volume is lost before the blood circuit 

is completed in the recirculating experiment such that there is an over- 
estimation of the volume of perfusate used, leading to an underestimation 


of the effective volume of the liver. Furthermore Ri /g should have a value 


of one since antipyrine distributes in total body water (117). 
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4, Discrimination Between Models | and |! by Changing the Infiuent 


Lidocatne Concentration Delivered at Constant Blood Flow to the 


Liver When Operating Under Non-| inear Conditions 


To examine the possibility of capacity limiting the hepatic micro- 
somal enzyme system, varying concentrations of lidocaine (3-84 mg/L) 


were delivered at a constant blood flow rate of 10 mis/min to the rat 


“Iiver. The stepwise Increase (or decrease) in influent concentration 


was carried out at 30 minutes intervals. During the last steady state 
period prior to the termination of the experiment the influent lido- 
caine concentration was returned to the original value (influent 
concentration of the first steady state period) to check for the 
viability of the preparation. Two studies were carried out in this 
manner (Table 17). — In Study |, Iidocaine influent concentration was 
increased stepwise from 3 to 36 mg/L and then returned to the original 
influent concentration at around 3.6 mg/L. In Study I!, lidocaine 
influent concentration was decreased stepwise from 84 to 4 mg/L and 
returned to the influent concentration of the second steady state 
period. The reversal in order (stepwise influent concentration 
decrease) for Study I! as compared to Study | (stepwise influent 
concentration increase) was to demonstrate that previous exposure of 
the liver to high concentrations did not give rise to a "wash out" 
effect when followed by perfusion with blank blood (containing no drug) 
or blood containing less drug. 
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Table 17. Effect of Influent Lidocaine Concentration on its Hepatic 
Extraction Under Constant Blood Flow (10 mis/min) - Studies | 
and | 


Study # Lidocaine concentration Velocity of removal Extraction - 


(mg/L) (mcg/min) Ratio 
influent. fluent v = (CI - Co) 
:: 2.9228 0.0043 + 0.0009 29.185 0.9985 
3.6357 0.0116 + 0.0010 36.241 0.9968 
8.4771 ~0.1629 + 0.0139 81.134. 0.9808 
19.0355 2.8770 + 0.0466 161.585 0.8489 
36.3312 9.0172 + 1.5097 273.14 0.7518 
3.5976 0.2738 + 0.1125 33.238 0.9239 
84.255 20.38 + 0.7027 638.75 0.758! 
38.625 9.3007 + 0.3867 0.8086 
19,1239 3.6608 + 0.3867 154.631 0.8086 
1.4217 0.2733 76.904 0.8440 
4.4279 0.2122 + 0.0566 42.157 0.9521 
39,904 7.3751 + 0.9412 325.289 0.8152 
n=4+¢ S.D. 
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‘These two studies demonstrated saturation kinetics for |idocaine 
with decreasing extraction ratiowon increasing the influent concentration. 
The data is presented in a linearized form as in Equation 1! for Model | 

and Equation 26 for Model I!. Regression analyses of Co/(Ci-Co) versus 
e Co for Model 1 and: tmCo/Ci) versus (Ci-Co) for Model I! were performed . 
No attempt to show the plots was made because of scaling difficulties. 
Line fitting was performed by the least square method. The assumption 
used in the linearized transformations to arrive at values of Vmax and 
Km was that the system behaved as a one enzyme system. 


* The data was also fitted by NONLIN (136) for Model | (Studies | 
and |!) as In Equation 10 (the velocity of removal (v) against the 
effluent lidocaine concentration (Co))and for Model I! as in Equation 26 - 


(velocity of removal (v) against /IM(Co/Ci). The underlying assumption “was 
only @ one-enzyme existed for lidocaine metabolism. 


The results of the regression analyses on the linear transformations 


and curve fitting by NONLIN for Models | and I! were summarized in 


Table 18, 
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Table 18. Regression Analyses and Curve Fitting by NONLIN Performed 


on Studies | and |! for Models | and I! 


Regression analyses of | Inear ized transformations (n = 6) 


Study # Model fitted Vmax Km 
(mceg/min) _ (mg/L) (mis/min) 


285.78 0.8705 328.3 

961.54 14,3365 67.07 
330.2 6.196 53.38 
1295.3 56.32 22.998 


NONLIN Curve Fitting ( n.= 6) 


Study # Model fitted Vmax A'®* R2+ S+++ 
(meg/min) (mis/min) 


398.6 85.72 0.939 0.984 6.255 
838.1 64.45 0.965 3.973 
120.95 81.72 0.752 7.387 
406.5 12.44 32.68 0.642 10.85 


* calculated by Vmax/Km 


correlation coef ficient 


observed 


++ cor = correlation between observed and predicted results - 


+445 = s7(sum of square@ deviations) 


0.9633 
0.7731 
0.7522 
0.6416 
s 
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From linear regression analyses of the data from the two studies, 
very poor correlation was obtained for Model I! whereas an improved 
correlation was obtained for Model | as indicated by the correlation 
coefficient, r (r = 0.9633, 0.7331 for Model |! and 0.7522 and 0.6416 
for Model 11). This meant that when the observed data was transformed 
and plotted according to Models | and I! In a linearized form, the 
transformed data fitted to a straight line betterfor Model I than for 


Model II. 


For the NONLIN curve fitting procedure, the same function (velocity 
of removal) as the y variable was fitted against the effluent drug 
concentration (Co) for Model~! and In(Co/Ci) for Model I!. In the 
first Instance, a curve similar to a plot of the velocity versus 
substrate concentration was obtained (Co reflects the substrate 
concentration C, according to Model 1). In the second Instance, a 
straight line was obtained as predicted by Equation 26 for Model I!. 
The sum of square deviations (S) Is less for Model | than in Model I! 


- for the two studies. The correlation between observed and predicted 


results (cor) was extremely good for Model | and poor for Model I!. 
Also the parameter (R2) which Is the ratio of the sum of squares due 
to regression to the total sum of squares indicated a good fit for 
Model | and a poor one for Model II. In the non-!Inear case, this 
parameter (R2) Is analogous to the multiple correlation coefficient 
In the linear regression case, the latter being an indicator of how 


Close the regression plane fits the data (136). 


UMI 


The two fitting procedures all pointed towards poor correlation 
for Mode! |! and a much Improved correlation for Model | under non-linear 
conditions (high concentration at the enzyme site >Km). 


, Different A' values were obtained for the different fitting 
procedures for the two studies fitted to the two models. A large 
discrepancy existed between the values of A' (calculated from Vmax and 
Km) from the two studies fitted to the models using different 

fitting procedures. The manner in which the properties of the » - 
generated ‘statistics differ for the stratght | ine eunve: filtihing 
proceduretand the NONLIN curve fitting procedure: ts unknown, 

However one common observation was made. The values of A' are 

lower than the anticipated values for Modes | and I! (predicted values 
of A' for lidocaine with ER 0.995 at a blood flow of 10 mis/min/liver 
are 1990 and 52. 98 mis/min for Models | and I! respectively). This . 


| _ observation led to the ‘suspicion tt that one or a combination of the 


following was occurring. — 


(1) The liver preparation was deteriorating. In Study |, the 
extraction of Iidocaine during the leat period of perfusion 
did not return to the original extraction (higher extraction) 
of lidocaine. In this case, the Km will not be affected 


wheareas the Vmax would decrease as the functional liver mass 


decreases. This may lead to a smaller A'. 
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(2) 


(3) 


(4) 


C1] is the concentration of the inhibitor and Ky Is the 


The high concentration of lidocaine is toxic to liver tissues. 


In this case, once again, the functional liver mass is decreased 


due to high concentrations of | idocatne which is toxic to the Bos 


liver tissues, and this would effectively reduce Vmax whereas 


the Km would not be affected. 


The kinetics of lidocaine is not a simple one enzyme system — 
nor a multiple system with very close Vmax's and Km's (the - 
individual Vmax and Km are not significantly different from 


the mean Vmax and Km). For multiple enzyme systems with 


widely different Vmax's and Km's under conditions where the 


concentration at the liver is high, sdme: metabolic pathways | 
may become capacity limited while the others may stil! operate 
linearly (137). In this case, it is hard to dissect the 
Influence of one metabolic pathway on another and obtain 


discrete values for Vmax and Km. 


There Is end product inhibition. At high lidocaine influent 
concentrations, high concentrations of metabolite(s) are 

generated, and these may competitively or non-competitively 
Inhibit lidocaine metabolism. In the case where the inhibition 
Is competitive (can be overcome by substrate), the Km is not 
affected while the is decreased to Vmax/(| where 


Page 
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"dissociation constant for the enzyme-inhibitor complex. In the 
id case where the inhibition is non-competitive (cannot be overcome by 
substrate), the Vmax Is not affected whereas the Km estimated is 
given by Km 4 138). 
It is probable that for the IIdocaine experiments at high influent 
concentrations to the liver, some degree of tantettion does occur, otes 
there is saturation of the. enzyme sites by the substrate lidocaine. 
The preparation itself may deteriorate with time, and all these lead to 
a much lower estimate of the parameters Vmax and Km and hence the term 
A' compared to the values predicted by the models. 


Indeed in the two studies, concentration of .MEGX wasas high as 
30 mg/L. 
and constituted 0.08-55% of the influent tidocaine concentration 


The MEGX appearing in the perfusate ranged from 0.25-30 mg/L 


(3-84 mg/L). The percemt of MEGX generated from lidocaine is actually 


higher as MEGX is further metabolized. It was also found that the 
higher the concentration of lidocaine used, the higher the concentration 


of MEGX In the perfusate. This esis percentage of effluent MEGX 
may be due to: 


(1) Saturation of a metabolic pathway other than MEGX at high 


lidocaine doses such that the percentage of |idocaine 
metabolized to MEGX is Increased. 
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(2) The metabolism of the generated MEGX Is Inhibited by high 
concentration of lidocaine. 


(3) The MEGX metabolic pathway Is capacity limited by the high 
concentration of MEGX generated with high concentrations of 
lidocaine. 


Table 19. Generation of MEGX with High Concentration of Lidocaine 
Studies | and II 


Study Intluent |l!docalne Effluent concentration of Fractlon of MEGX In 


concentration MEGX effluent in terms of 
(mg/L) (mg/L) influent | idocaine* 
(ClLidocaine) COmeG) | 
| 2.9228 not detectable 
3.6357 0.2545 +: 0.0284 0.0795 
8.477! 1.3369 + 0.0810 0.1791 
| 19.0355 "6.5024 + 0.2149 0.3879 
36.3312 12.1943 + 0.2962 0.3812 
3.5976 0.9589 + 0.2130 0.3027 
84,255 29.6437 + 1.0785 0.3996 
38.625 14.7645 + 2.0518 0.4342 
19.1239 9.2279 + 1.3512 0.5480 
4.4279 0.7947 + 0.1663 0.2038 
39.904 13,3937 + 1.7147 0.3812 
n=4 + §S.D. 
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* corrected for molecular weight 
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The presence of a high concentration of metabolite is known to 
inhibit the sitebe) ten of the parent compound In some instances (139,140). 
The possibility of end product inhibition was explored. Three studies 
were conducted using a low influent concentration of lidocaine (below 
the Km of the system) delivered at a constant blood flow of 10 mis/min 
to the liver. The MEGX concentration appearing in the effluent from the 
low Influent |idocaine concentration should be a negligible though 
detectable quantity. Varying influent concentrations (0-13 mg/L) of 
MEGX were added in a stepwise manner at 25 minute intervals to the per- 
fusate. The results are tabulated in Table 20. 

In all instances, there was some evidence of inhibition of lidocaine 
metabolism by MEGX although the results were highly variable. In two 
studies (Studies | and I!), the inhibition is very marked and was almost 
complete at high influent MEGX concentrations (1! mg/L) while in the 
third study (Study TP the degree of inhibition was ‘slight despite the 
presence of a high influent concentration of MEGX (13 mg/L). As can 
be seen from the previous two studies (Page I6h, Table 17) where high 
lidocaine concentrations (3-84 mg/L) were delivered’ to the liver, the 
lowest extraction ratio observed was 0.75 (Table 17) while high effluent 
concentrations MEGX (12-14 mg/L) were generated. It should be borne in 
mind that this effluent MEGX concentration represents the minimum con- 
centration at the enzymatic site. since the MEGX formed Is further meta- 
bolized within the liver. Thus it is unlikely that MEGX at influent 


concentration below |! mg/L (the MEGX concentration at the enzyme site 
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is lower than than the influent MEGX concentration as the compound has to 
reach the enzyme site from the perfusate) can totally inhibit the meta- 
bolism of lidocaine. However further studies are needed to substantiate 
the above finding. 
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Table 20. Inhibition of Metabolism of Lidocaine by MEGX - Studies lytt and 141 
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ER, Lidocatne 
Lidocaine MEGX Lidocaine MEGX 

| 2.9937 0 0.0055 + 0.0013 0.0272 + 0.0025 0.9982 
2.9937 0.7573 0.0282 * 0.0091 0.1066 * 0.0152 0.9906 
2.9937 2.4237 0.1142 * 0.0254 0.6293 * 0.0582 0.9619 
2.9937 5.3427 0.6593 * 0.0273 2.0582 * 0.0772 0.7798 
2.9937 11.2906 2.7140 * 0.1116 6.6486 * 0.4502 0.0934 
2.9937 0 0.0061 t 0011 0.0726 * 0.0328 0.9980 

3.4) 0 0.0318 + 0.0120 0.0713 + 0.0123 0.9907 
3.41 0.6843 0.1037 + 0.0102 0.1908 * 0.098 0.9696 

3.41 2.4147 0.3729 + 0.0738 0.9279 * 0.1038 0.8906 

5.4878 0.9266 + 0.1012 2.4249* 0.1909 0.7283 
3.41 ‘11.2361 2.8868 + 0.397 5.7186 * 0.5515 0.1534 

3.4) 0 0.1338 + 0.0285, 0.2007 * 0.0346 0.9608 

. 

3.2751 0 0.0044 + 0.0003 0.1654 * 0.0222 0.9987 
3,275! 6.436 0.02144 0.0045 3.7255 * 0.2017 0.9935 

3.2751 -12.0170 0.0398 + 0.0038 6.1180 * 0.7017 0.9878 
(3.2751 0.0738 + 0.0154 9.5000 * 2.1436 0.9775 
3.2751 13.362 0.0741 0.0033 13.148 * 0.8916 0.9774 
3.2751 0 0.0029 + 0.0038 0.1840* 0.1368 0.9991 

n= 4¢ S.D. n= S.D. 
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5. Further between Models inand by the Formation. of: the 


Metabolite (MEGX) from the Parent Compound (Lidocaine) with Flow 


Changes _ under Linear Conditions 


Before any attempt to correlate the generation of MEGX from | ido- 
caine with flow changes was made, the behaviour of MEGX Itself was 
explored. 


a. Linearity of MEGX Extraction Under Constant Blood Flow 


The results of six preparations where changing concentrations of 
MEGX were delivered at constant blood flow of 10 mis/min are tabulated in 
Appendix X. Steady state conditions were observed within 15 minutes 
or less (first point of sampling). The extraction ratio of MEGX varied 
between 0.32-0.91 (ren high to low concentrations (20.9-0.46 mg/L) in 
different liver preparations. From experiments I1!, IV and V, it Is 
estimated that the system is linear when the influent concentration of 
MEGX is below 1.5 mg/L. To ensure linearity, all subsequent experiments 


designed to be operating linearly were operated at an influent MEGX 
concentration of 0.5 mg/L. 


b. Effect of Flow Changes on the Extraction of MEGX Under Linear 
Kinetic Conditions 


_ The behaviour of the extraction ratio with respect to flow changes 
under linear kinetic conditions (0.5 mg/L) was investigated by the method 
used previously for lidocaine (Page 142). The control flow rate was taken 


‘ 
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as 10 mis/min and Increases to |2, 14 or 16 mis/min were chosen 
randomly. The results of these experiments are tabulated in 
Appendix XI. 


The observed changes In the effluent concentration of MEGX and the 
extraction ike were not in full agreement with the predicted changes — 
for the two models. For two studies (Studies II! and IV), the 
extraction of MEGX with increasing blood flow was reduced as anti- 
cipated. For the remainder four studies, there was complete reversal. 
The extraction ratio was observed to increase with increasing blood 
flow. The observed and predicted data (calculation same as |idocaine 
Page 142 ) for the effluent MEGX concentration were compared as shown In 
Figures 39 and 40 for Models | and Ii. The predicted vaiues were 
much higher than the observed data for both models. The data were 
fitted to a straight line for each model individually and the slopes 
of the lines were compared to the line with slope = | which represents 
the best correlation between observed and predicted data (same method 


as lidocaine (Page!47”). The generated statistics are tabulated in 
Table 21. 


wy 


Figure 39. A plot of the predicted and observed effluent MEGX concentrations 


with blood flow changes at constant low influent MEGX concentrations 


for Model |. 


The line with slope = | represents the best correlation between 
observed and predicted data. The observed and predicted data 
for effluent MEGX concentrations for the six experiments are 


given in Appendix XI-A-B. 
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Figure 40. A plot of the predicted versus observed effluent MEGX concentrations 


with blood flow changes at constant low influent MEGX concentrations 
for Model II. 


The line with slope = | represents the best correlation between — 


observed and predicted data for MEGX effluent concentrations for 


the six experiments are given in Appendix X!I-A-B. 
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Tale 21. Statistical Parameters from Regression Analyses and the 
Comparison of Slopes on the Predicted and Observed 
Effluent MEGX Concentrations for Models | and II. 


Regression Analyses on Predicted and Observed Effluent MEGX Concentration 
Statistical Parameter Model | Model 

n | 18 18 
(Observed data) 0.69633 0.69633 


0.001 1862 0 .001 1862 


(Predicted data) Y 0.1056944 0.13894 


0 .0024249 0 .0031862 
slope m | 0.5722852 0.52932 
intercept b 0.009 146 0 0039129 
Correlation coefficient r 0.8182 0.86747 


Comparison of Slopes 
n 18 : 18 


0.002164 0.002095 
0.001082 0 .001046 


1.3058 1.4611 
(df) | 32 32 


Confidence level | 95% | 95% 
significant significant 
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The t statistic with 32 degrees of freedom is seen to be 
statistically significant at 95% confidence level for both models. 
The reason why Model | failed to predict MEGX clearance while it 
adequately predicted | idocaine clearance is unknown. One may 
speculate this poor correlation between observed and predicted 
data may be due to changes in biliary excretion with blood flow 
changes. However preliminary data Indicated that MEGX was eliminated 

“only to a very small degree into the bile, and hence this cannot 
be used to explain the poor prediction of Model | for MEGX. No 

. explanation can be afforded at this point and further Investigation 
is needed. Model || failed to predict MEGX clearance as well as 


lidocaine clearance and was within anticipations. 


c. Generation of MEGX from Lidocaine at a Constant Low 
Concentration of Lidocaine to the Liver with Changes in Blood Flow 


An attempt was made to correlate the appearance of the metabolite 
generated at constant influent concentration of the parent compound ; 
with changes In blood flow for Models | and Il. The MEGX concentration 
in the perfusate was assayed in the nine experiments where |idocaine 
at low concentrations were delivered at different flow rates to the 
liver (Page 144 and Appendix |X-A-B-C). The results for MEGX from 


these nine experiments were tabulated in Appendix XI 1-A-B-C. 


Predictions of the metabolite appearing in the effluent with a constant 


influent concentration of the parent compound delivered at var lous 


— 
= 


flow rates were calculated for Models | and ||. Predictions for Model | 


were calculated as follows: . 


it is Is assumed that the fraction (f) of lidocaine metabol ized 
to MEGX Is constant when operating under linear kinetic conditions 
and that Model | can adequately describe the clearance of MEGX. 


Now the rate of elimination of lI docai ne is given by: 
7 ? 


- =. 
(Ci, Co,) A Co, Equation 51 
Assuming the kinetics of MEGX are also linear, its metabolism at the 
site of formation is independent of its concentration at the site so 
that 


Coy = (Ci, - Cop) - A'y Coy Equation 52 


rate of appearance rate of formation rate of 
of MEGX In effluent of MEGX from of MEGX 


@ 


blood | i docaine 


where subscripts P and M represent the parent compound lidocaine. 


n 
and the metabolite MEGX and A' is given Vmax under |inear 
Km 
i 


conditions. i=! 
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Equation 52 can be transformed into 


= A M 


f- - Co, - Co,,/ fF) 


An assessment of f can be done in the following manner. The 
extraction ratio of ME GX under linear conditions was found to be 
0.9 when MEGX was given alone (Appendix X). The MEGX generated from 
lidocaine metabolism was further eliminated before its appearance in 
the effluent perfusate. Thus what appeared is only 0.! times what 
was formed from lidocaine. On this basis the MEGX generated from 
lidocaine (Appendix XII) under Iinear kinetic conditions is estimated 
to be approximately 30-40%. The assumption used Is that lidocaine 
does not interfere with the metabolism of MEGX and vice versa. 

A direct assessment of the value of f can be made as shown in 
Equation 54 when the effluent cenattedt tats of |i docai ne and MEGX 
at two different known flow rates ( | and 2) are known. The 


viability of the preparation is again assumed to be constant. 


- Coy, /f) Equation 54 


Coy, / Coy, Com, /f) 


Subscripts | and 2 denote conditions at flow rates | and 2. 
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Co 

YB, / (Ci, - Co 


Since the effluent concentration of lidocaine (Coy) and MEGX 
| 


(Coy) are very small, and . f is a substantial term, Co, and Co./f 


should be negligible compared to the constant influent | Idocaine 
concentration (Ci ) then 


“Se is essentially a 
( e Go « 
f Cl, Co. /f) 


constant. 


Equation 55 


The effluent concentration of the metabolite therefore increases with 
increasing blood flow for Model |. The prediction for the effluent 
MEGX concentration for Model | are tabulated in Appendix X11-A-B-C. 


Under linear kinetic conditions, where A' is essentially constant 
Predictions for Model |! were made as follows: 


(A' = —____).. Then at any point x along the tube, the rate of 
Km, 


change of lidocaine concentration at point x (similar to Equation 21) - 


_Is given by: 


Equation 56 
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where subscript + represents the tube, and subscript P represents 
lidocaine and L represents the length of the tube. The same 
assumptions that the fraction of |idocaine met abo! ized to MEGX is 
constant when operating under linear kinetic conditions and that 
Model |! adequately describes the clearance of MEGX are again made. 
The rate of change of MEGX concentration at point x is now given by 
the difference of its formation and elimination: 


dC Cp Al tp ) Equation 57 


dx | 


where subscript M denotes the metabolite MEGX. 


Taking Laplace transforms of Equation 56 


Ci 


(s+ 


and then substitution of Equation 58 into the Laplace transform of 
Equation 57 | 


Cy A's p Equation 59 


B,t Bet 
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The anti-Laplace transform of the concentration of MEGX at point x 
along the tube is given by: 


A! A! 
ime 
-At 
Atm At p 
= t,P | J 
) 


Equation 60 


When »=L and integrating all the tubes, the effluent MEGX concentration 
(Co,) Is given by: 


Co, Equatfon 61 


When the eliminating capacity of the metabol ite (A) greatly 


exceeds the eliminating capacity of the parent compound cA) 


(the rate limiting step is the formation of the metabolite from 


) 
f A' Ci. e 95 
M A' A! 
M 


the parent compound) the term in the exponent becomes a negative 
number. In such cases, the value of one minus the ‘epenentiat 
term becomes a constant and is not much affected by changes in 
blood flow. Also the greater the difference between uM and Ae 
the less influence Is the flow term in the exponential. On this 
basis, a prediction of the effluent metabolite concentration at 


different flow rates can be made as follows: 


Equation 62 


where the subscripts | and 2 denote conditions at flow rates | and 2. 


In the case for MEGX (ER Is 0.9), “M is 23 mis/mi n at a blood 
flow of 10 mis/min and this value is much less than the eliminating 
capacity for |Idocaine (ER 0.999, AL is 69 ot bleed 
10 mis/min). Thus the above method cannot be applied to predict the 
effluent metabolite concentration at different flow rates. Instead 


the following method is used. 


A rearrangement of Equation 61 and substitution of and 


ke give the simplified equation 
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Equation 635 


Using different values of g to give of (I - e (9/Vp) )/g at 


one flow rate, and at d flow values, a series of graphs is 
constructed. (Figure 41). If the ratio (Co,/Cop) the effluent 

concentrations of the metabolite and the parent compound Is known 
and this value is equal to kibee “Co/Vg) ( Equation 63), the 


9 


value of gor g/k ~~ ascertained by the intersection of this value 


(on the y axis) and the curve at that flow rate. A prediction of 


the Coy at a different flow rate can be made in the same manner. 


Co, 


Knowing the ratio at one flow Fa¥e;—the intersection of this value 
(on the y axis) and the curve at that flow will give the value of g 
or g/k on the x axis. Using this newly found value of g or g/k, the 
intersection of this and the curve for the next flow rate will give 
the ratio of (Co,/Co,) at that particular flow rate (value given on 
the y axis). This method predicts the ratio of the effluent 
concentrations of the metabolite and the parent compound instead of 
predicting the effluent concentration of the sateboltte alone. The 
reason why this is adopted is that no other solution is found. The 


predicted and observed ratio of the effluent concentrations for MEGX 
and lidocaine for Model I! are tabulated in Appendix XI! A-B-C. 
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-(9/V,) 
Figure 41. A plot of (I-e )/g against g for blood flows at 10, 12, 


14 and 16 mis/min. The numbers next to the curves indicate the 
plot at that particular flow rate. 
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The predicted and observed results for Model | (effluent MEGX 
concentration) and Model I! (ratio of effluent MEGX and | Idocalne 
concentrations) were plotted individually and the correlation — 
the observed and predicted data was shown In Figures 42 and 43 for 
Models | and I! respectively. 


The data were fitted to astraight line for each sade! ond the 
slope of the line was compared to the line with slope = | 
(perfect correlation). The statistics generated are tabulated in 
Table’ 22. 


Table 22. Statistical Parameters from Regression Analyses and the 
Comparison of Stepes on the Predicted and Observed Data 
for Model | (Effluent MEGX Concentration) and Model || 
(Ratio of the Effluent MEGX and Lidocaine Concentrations). 


Regression Analyses on Predicted and Observed Data for Models | and II _ 


Statistical Parameter Model | Mode! || 


n 25 25 
(Observed data) xX 0.1556 12.57 
0.006242 93.528 
(Predicted data) 0.2195 19.929 
0.063932 1305.7 
slope m 1.401679 1.81896 
intercept b 0.0299 5.4634 


correlation coefficient r 0.765 | 0 .4886 
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Tablec22 


Comparison of Slopes from the Predicted Versus Observed Data Plots for 
Models | and I! to the Line with Slope of One. 


Statistical Parameter Model! | Mode! I/ 
n 25 25 
0.021264 1039 .6 
af 0.010632. 519.8 
+ | 0662 1.203 
46 46 
Confidence level 95% 95% 


not significant not significant 


The t statistic for Models | and I! are 1.0662 and |.203 
respect ively with 46 degress of freedom. These values of t are not 
significant for Models | and I! at 95% confidence interval. Thus 


the slopes of the fitted lines equal one at 95% confidence interval. 


The intercept of the line for Model I! is -5.4634 and deviates 
much from the intercept of zero for the line with slope = | (best 
ae correlation). If the fitted straight line for Model I! is forced 
through zero, a slope which is significantly different from one is 
“suspected. Furthermore the correlation between predicted and 
observed data is very poor. Contrastingly, the intercept of the line 


for Model | is -0.0299 and does not deviate much from the intercept 


UMI 


Fi gure 42. Predicted MEGX effluent concentrations versus the observed data 


for Model | for the same nine experiments performed with low 

Influent Iidocaine concentration with alterations in blood flow. 
The line with slope = | represents a perfect correlation. 
The results are tabulated In Appendix 2%44A=8C 
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Figure 43. Predicted ratio of the effluent MEGX and |idocaine concentrations 


versus the observed ratio for Model I! for the same nine 
experiments performed with low influent lidocaine concentration 
with alterations in blood flow. The line with slope = | 
represents a perfect correlat ton. 

The results are tabulated In Appendix XI 1I-A-B-C 
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of zero from the line with slope = | (best correlation). Even if the 
fitted straight line for Model | is forced through zero, a slope which 
may not be significantly different from one is suspected. The corre- 
lation between predicted and observed data is still poor, but a much 
better correlation is seen for Model | compared to Model I! (0.4886 
for Model I| and 0.765 for Model 1). On this basis, Model | is the 
better model to predict the appearance of the concentration of the 
metabolite in the effluent blood when a constant low influent 
concentration of the parent compound (below Km) is delivered at 
varying blood flows to the livers 

As shown above, Model | is the better model to predict the 
| appearance of metabolite(s) in the perfusate. Its predictive 
properties on dosage regimens as chronic drug administration where 
the. potential of metabolite accumusation' isrmore |ikety' is as: fol lows: 


Under constant oral administration of a drug, the steady 
state concentration of the parent compound depends only on the 
rate of administration (Dose/t ) and the term A' and Is independent 
of blood flow to the eliminating organ (Table |). Under steady 


state conditions, the rate of formation of the metabolite from the 


parent compound equals ‘its rate of elimination. !f f Is the 
fraction of the parent compound that is converted to the metabolite, 
then 
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f. rate of removal of, parent compound = rate of elimination of metabolite 
Equation 64 
Under linear kinetic conditions, A' and f are constants and when = | 
for the metabolite and the parent compound, substitution of 
2 (Dose/t)/A}, (Equation 34) into Equation 64 gives 


f Ve ose = Vp oral Equation 65 
A, p B M 


and the steady state concentration of the metabolite is estimated by: 


Al + 


= _f+(Dose/t) . 
oral 


Equation 66 


At high hepatic extraction of the parent compound as well as the 
metabol ite, i.e., Ae and A. greatly exceed blood flow, then the 
_ Steady state metabolite concentration is given by the constant 
(Dose/t and ‘Is Independent of b lood flow. 
When a drug is given by constant infusion (rate = R°) its 
steady state blood concentration is inversely related to its 


clearance when operating under linear kinetic conditions 


(C = R° ). Again if f is the fraction of drug that is 


B,Ssin¢ Voy 


converted to the metabolite, the rate oF Forums ton of the metabolite 
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is f times the rate-in (R°) of the parent compound. Thus the steady 
state metabolite concentration is given by: 


— 
Min¢ ERy AM 


The manner in which the steady state metabolite concentration ‘following © 
constant drug infusion of the parent compound changes with blood flow 
will depend on how Aj, is related: to Vg- In cases where.Al, Is much 
greater than blood flow, then the steady state levels of the metabolite 
increases with decreasing flow. In cases where AY is much less than flow, 


then the steady state metabolite concentration is constant ( f-R°/AY) 


and independent of blood flow .- 


6. Fitting of Data from the Literature into the Models 


The only data that are available in the literature which examine 
the relationship between the extraction ratio and blood flow are that 
of Brauer (101) and Whitsett (141). Their data are fitted into the 


two models. 


} 
= | 
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Brauer's data were obtained from the Isolated rat Hver preparation 
in which chromic phosphate was perfused into the rat liver (101). The 
extraction ratio of the compound by the liver was assessed under steady 
state conditiog by directly measuring CrP0,-P>2 in hepatic venous 
and portal venous specimens obtained at the same time. Upon a change 
in perfusion flow rate, a new steady state extraction ratio was 
achieved 8-10 minutes after the change. The extraction efficiency 
_ for CrPO, was determined after equilibration of each preparation at 
two or three different perfusion rates for each preparation. Viability 
of the preparation was checked by the final clearance curve at the 
original perfusion rate to confirm the healthy survival of the tissue. 
A series of experiments W8S performed where flow rate varied from 
0.5 to 6 mis/min/gm liver and 29 data points were generated. This set 


of data is very comprehensive as a wide range of flow rates was examined. 


The effect of hepatic blood flow on the-hepatic removal rate 
oxyphenbutazone as reported by Whitsett and coworkers 

was studied in the intact dog. Blood flow was controlled by proper 
cannulation, shunting (redirection of blood) and pumping, and measured 
by flow probes. Simultaneous blood see drawn from a 
peripheral artery and the hepatic veip/fo determine hepatic drug 
extraction (oxyphenbutazone is not excreted by the kidneys nor the 
bile to a great extent). Hepatic blood flow was altered between 0.46 


to 2 mi/min/gm liver. Arterial and venous blood concentrations of 


oxyphenbutazone andi hepatic blood flow were each determined at least 


te 


ten times. However there was no mention of the establishment of 


steady state conditions. 


The NONLIN computer program (136) was used to fit the data from 
Brauer and Whitsett. The results of computer fitting are shown in 
Fi gures 44 and 45 for data from Brauer and Whitsett respectively 
= and tabulated in Table 23. 


Table 25. Computer fitting by NONLIN of data from Brauer and 


Whitsett. 
Study Model fitted Cor.** 
Brauer 0.987 0.944 0.067363 with 28 g¢- 
i 0.985 0.942 0.072115 with 28 df. 
Wh itsett t 0.992 0.994 0.052366 With 3 df 
0,975 0.989 0..0901045 with 
# 


Eobserved~ 
** Cor = the correlation between observed and predicted values 


In both cases, the data fitted both models very well. From the 


statistics generated, no significant difference (at 95% confidence | 


* interval) was found in the statistical parameters. 
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Figure 44, NONLIN computer curve fitting of the data from Brauer for 


Models | and II. 


The lines represent computer generated lines. 
The dots are experimental points. 
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Figure 45. NONLIN computer curve fitting of the data from Whitsett for 


Models | and II. 


The lines represent computer generated lines. 


The dots are experimental points. 
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While the Sum weighted squareg devi ations of the fitted equations 
should be minimal, the scatter of the observed data points about the 
theoretical curve should be randomly distributed for proper selection 
of a model. in this Instance, the sums of square deviations are not 
significantly different and this criterion does not serve as a means 
to distinguish between the models. Thus the scatter of the observed 
data points about the theoretical curve was exami ned. 


The nature of | experimental points about fitted curves 
was investigated by the examination and analysis of residuals (142). 
An urweight residual is defined by the following equation: 


(unweighted residual) = (observed value) - (calculated value) 


A weighted residual is given by 


(wel ghted residual) = (unweighted residual) x (weight)? 


where the weight is frequently defined as |/(cbservation)*. 


The sum of the squared weighted residuals is the quantity 
minimized In a least-square analysis. An appropriate method to 
examine scatter is to plot (weighted residual) against (calculated 
value). A residual plot was constructed (Figure 46) from the data 
obtained from Brauer and Whitsett fitted to Models | and II. 
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Figure 46. Plot of weighted residual against predicted value of the 


data from Brauer and Whitsett for Models | and ||. 


b. represents data from Brauer 
~/ 
w. represents data from Whitsett. 
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In both Instances, there exist a fairly random distribution 
of weighted residuals. Therefore the models are considered 
"consistent" (142). Although a model is "consistent", it still 
may be "non-unique" or "il l-conditioned” This condition exists when 
the amount of information contained In the data is inadequate to 
define the model chosen. Thus the two models fit the data equal ly 
well; the models are equally probable and it is impossible on the 
basis of least-squares fit alone to choose between them (142). 


. 
< 
— 


VI. CONCLUS 10N, 


The attempt to discriminate between the two models of hepatic 


drug clearance has elucidated that Model | (where the liver is a well 
stirred compartment with the concentration of drug in the liver in ‘ 
equilibrium with the effluent drug concentration) is the better fit. 
The studies were carried out with changes in the avai lability or the — 
effluent drug concentration with hepatic blood flow of a highly 
cleared compound (lidocaine) with only negligible binding to protein 
and blood cells and at low concentrations of lidocaine to the liver 
(under linear kinetic conditions). The data corresponded. Elosely to 
the predictions of Model |. Linearized transformation of data ob tai ned 
from a high influent concentration of lidocaine (above Km) and at 
constant blood flow gave a better fit for Model | than for Model 11. 

. All the data with lidocaine and MEGX point to an acceptance of Model | 


to describe hepatic drug clearance. 


Physlological ly, Mode | appears to be the more ‘appropri ate 
model to describe hepatic clearance of drugs. One can easily 
conceive of the passage of blood, carrying drug, and being channel led 
into sinusoids and metabolized by liver hepatocytes durt ng the 
transit through the liver as if the liver sinusoids are a series of 


_ Identical parallel tubes with a sheet of cells lining the tubes and 


enzymes distributed evenly within the cells. Thus it is reasonable 
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to think that the concentration of drug in blood varies from poi nt 
to point along the flow path. Consequently, the material balance 
for a reaction component must be made for a differential element 
of volume or flow, a situation analogous to a steady state plug 
flow reactor in engineering (143). However this flow is orderly 
with no mixing with any element ahead and after it. There may be 
lateral mixing, but no mixing or diffusion along the path. This | 
pattern of circulation may be applied to most organs, but not to 
the liver. As stated earlier (Introduction Chapter), the hepatic 
vasculature is a highly ramified network with cross anastomoses 
shunts and indirect paths in addition to "bulk flow". Any 
element of blood within the sinusoidal bed cen reach another part 


of the sinusoidal bed within the organ without leaving this section 


of the vascular tree. The portal vein, hepatic artery and the 
sinusoids are interconnected by direct and obscure pathways. In 


‘this respect, the liver can be viewed operationally as a well stirred 


tank (Model |) with a uniform compositon throughout at any instant 

of time, a situation analogous to a mixed reactor (or backmix reactor, 
or the ideal stirred tank reactor, or the constant flow stirred tank 
reactor) in engineering (143) so that the exit stream from this 
reactor has the same composition as the fluid within the reactor. 

The assumption of the model by Kety (144) for the exchange of inert 
gas at the lungs and tissues is similarly based, in that the effluent 
concentration is in equilibrium with that within the tissues. This 
theory has been applied to the quantitation of hepatic blood flow 


‘ 

/ 

© 
: 


by substances such as Xenon-133 (145, 146). 


Furthermore for Model 11, the rate of elimination cannot be 
explained based‘on the assumptions of Model |! alone and the concept 
of mani folding has been added to explain some of the deviations from 
the model (104). In the case of the perfect manifold, a single plate _ ee 
of cells with the inflow divided Into streams perpendicular to the | 


plate (in contrast to the as sumptions of Model |! of a plug flow - 
___-through a tube with a sheet of cells lining the tube and enzymes 


—— evenly distributed within the cells) Is present and. results in 

| an elimination corresponding to that of a homogenous phase (104), 

a situation resembling Model |. 
% 


Thus Model | is not only phisologically sound, but the 
predictions also correlate well with the date obtained for | idocaine, 
MEGX and antipyrine. Operationally it should be accepted as a model 


to predict drug Qlearances as well as other pharmacokinetic parameters. 


A. Implications of Model | in Pharmacokinetics and Therapeutics Under 
Linear Kinetic Conditions 


According to Model |, hepatic drug extraction and hence 


clearance are influenced by hepatic blood flow, plasma protein 


binding, blood cell partitioning and the eliminating capacity 
of the system (Equations 19 and 20). Other pharmacokinetic 
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parameters such as availability, area under the curve and the 
steady state blood concentration of the drug for certain dosage 
regimens as functions of flow, binding and eliminating capacity eG 


are tabulated in Tebte 


|. Hepatic Blood Flow 


Hepatic blood flow is known to be affected by a number of 
factors including posture (60), disease state (e.g. congestive 
heart fallure (61, 112, 147)) vasoactive substances (148, 149, 
: 150, 151) stress (151, 152) and hormones (42). The influence of 
changes in hepatic blood flow on pharmacokinetic parameters is 
ait in the light of Model |. 


Model | predicts a reduction of extraction ratio with Increasing 
blood flow (Equation 19). Consistent with this hypothesis is Brauer's | 
data on colloidal chromic phosphate extraction in the isolated 
perfused rat liver preparation over a wide range of hepatic blood 


flow (101). Whitsett's data for oxyphenbutazone extraction by the 
intact dog liver with changes in hepatic blood flow (141) correlated 
well with predictions from Model | (Page 194). According to the 
predictions of Model |, the extraction ratio for highly cleared 
compounds is Ledenendent of blood flow (extraction ratio approaches 
one) as in the case of lidocaine (148). For very poorly extracted 


compounds, the extraction ratio changes inversely ta blood flow 


8 
i 
| 
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For. drugs with intermediate extraction ratios, the 


(Page 39)). 


extraction ratio varies nonlinearly with blood flow (141) as shown in 
Equation 19. 


The effect of hepatic blood flow on clearance of compounds 


has frequently been reported. 


For highly extracted compounds 
(extraction ratio approaching one), clearance is determined by 
blood flow. In cases where blood flow to the liver Is reduced, 


clearance is correspondingly decreased. Reduction in clearance 


of highly extracted compounds such as lidocaine (61, 147, 148), 


indocyanine green (153) and propranolol (154) have been reported 


in cases of reduced hepatic blood flow. Increases in clearance of 


these highly extracted compounds associated with an increase in 


hepatic blood flow have also been reported (65, 155). For poorly ; 
cleared compounds, clearance according to Model | is independent 
of blood flow (clearance approaches the term A'). The clearance 
of. ahtipyrine, a poorly extracted compound is not affected by an 
increase (40%) in hepatic blood flow (63). Drugs with intermediate 


extraction ratios will have clearances which change nonlinearly 


with blood flow (Equation 20). : 


The relationship of blood flow and avai lability was shown 
previously in Table |. The manngr in which availability changes 
with hepatic blood flow depends on the extraction ratio of the 


For a highly extracted compound, 


drug. increasing the blood flow 
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will cause a proportionate increase in the availability (A' greatly 


exceeds blood flow). For a drug that Is poorly extracted, 
availability is virtually Independent of blood flow (flow great ly 
exceeds the term A'). For drugs with Intermediate extraction ratios, 
availability Is predicted to change nonlinearly with blood flow. 
Unfortunately, there is not any experimental evidence in existence 
to support this concept. 


The area under the blood-concentration-time curve is not only 
inversely related to the clearance of a drug, a comparison of the 
areas under the curve obtained from a single oral and a single 
_ Intravenous dose also gives a measure of the availability of the 
single oral dose when the clearance of the drug is constant. There 
is no mention however, of the-effect of blood flow on the area under 
the curve when the drug is given orally or intravenously which In 
turn can affect the quantitation of availability. Environmental 
factors as posture and intake of food are some inconspicuous causes 
altering hepatic blood flow and hence influence clearance. Such 
factors may not be controlled, and may alter the values for | 
availability in the area comparisons. 


Accordi ng to Mode! |, the area under the b lood-concentration- 
time curve following a single oral dose is not altered by hepatic 
blood flow but strictly depends on the dose and the term A' or hepatic 
eliminating capacity of the system (Table |) irrespective of the 
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extraction ratio of the drug. Thus a discrepancy occurring In the 


areas would be due solely to the difference tn hepatocellular activity 

(Term A‘) of the Individuals rather than differences in hepatic blood 

flow. The same theoretical analysts for the area under the curve was 

also given by Perrier and Gibaidi (105). The area under the curve - 

for an oral dose remains unchanged ssh mcd of the blood flow to the 

liver and the extraction ratio of the drug. One can view that the 

rate of absorption, the availability and clearance of the drug are 

altered to the same degree so that the effects of flow on availability fF 

and clearance are cancelled. Thus the shape of the area under the Ba 
,curve may change, but the value of the area should remain unchanged. 


Whereas if the drug is given intravenously, the Intravenous 
area under the curve is inversely related to the clearance (Table |). 
The manner in which blood flow tet ieences the intravenous area under 
the curve is related to its influence on clearance, For highly 
cleared compounds, where clearance approaches the limiting value of 
blood flow, the \atecmee area under the curve changes inversely 
with blood flow whereas for poorly cleared compounds, the 
area under the curve is not altered. For drugs with intermediate 


extraction ratios, the area under the curve following an intravenous 


dose will change nonlinearly with blood flow. 
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This aspect of changes in area with hepatic blood flow following 


‘an Intravenous dose for highly cleared compounds deserves attention. 7 
If quantitation of the availability of such highly cleared compounds 

is done by the method of a comparison of the ore! area under the 

‘curve to the intravenous area under the curve and the latter is much 

influenced by blood flow, then availability measurements may be quite 

different even when It is repeated in the same individual where the 
blood flows under the conditons are different. A control of posture 
and Intake of food should be stipulated to nullify the effect of flow 
differences which may give rise to differences in the measurements 


of availability. Unfortunately there is no evidence to support 


this concept. 


The steady state blood concentration of a drug following constant 


infusion is inversely porport ional to Its clearance under steady 
state conditions (Table 1) and a situation analogous to the area 
under the curve for an Intravenous dose with blood flow Is seen 
here for the steady state blood concentration on constant infusion 
with flow changes. Again, it Is in cases for drugs with high | 

. extraction ratios that blood flow exerts Its greatest influence on 
| the steady state blood concentrations following constant Infusion. 
This was seen in the studies by Stenson and coworkers (6!) 


correlating the cardiac index to arterial steady state |idocaine 


concentration on constant infusion that a linear relationship 


existed between the arterial lidocaine concentration and estimated 


a 
bd 
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hepatic blood flow (a 1 ineer relationship exists between cardiac 
indices and extracted hepatic blood flow). For poorly cleared 
compounds, where blood flow does not affect clearance, the steady 
state concentration upon infusion is not altered by flow changes. 
For drugs with intermediate extraction ratios, the steady state 
concentration upon constant drug infusion changes nonlinearly with 
flow as given in Table |. 

According to Model |, the steady state concentration of a . 
compound following constant oral administration is given by the rate 
of drug administration divided by the hepatocellular activity of the 
system (A') and is not influenced by blood flow for drugs of 
different extraction ratios (Table 1). This situation is analogous ~ 
to the area under the curve for a single oral dose described earlier 
(Page 206 ). tanto, te sole source of variation in the plateau 
concentration in a population of subjects receiving the same rate 

Of administration is not in the differences in blood flow In the 

but in the intrinsic hepetace! taler activity of the 
system (A'). Nortriptyline, desmethylimipramine (156) and propranolol 
are examples of drugs which exh ib it large interpatient variations 
in the steady state plasma or blood concentration. These drugs 
also happen to be highly cleared by the liver and exhibit a 
"first-pass" effect. This had led to the notion that large 


interpatient variations in the plateau levels are more likely to 


_ occur with drugs that display a large first pass effect. According 


— 


\to Model |, it is not so important whether a drug is highly cleared 


or not, but rather whether there are large variations in the value 
of A’. 


2. Protein Binding and Blood Cell Partitioning 


The binding of a drug to plasma proteins and blood cel Is 
influences its disposition (distribution and elimination) and 
response as the free drug Is considered the molety that equilibrates 
between tissues and gets el imi nated as well as the species | 


eliciting pharmacologic effects and toxicities. A drug that is 
bound to plasma proteins and/or blood cells can be displaced from 
its binding sites competitively by another species present in high 
enough concentrations and with similar or stronger affinity constants, 


or non-conpet I ively by modification of the binding characteristic 


favoring dissoctatton of the binding complex. In cases where the 
concentration of the drug greatly exceeds the number of binding sites 
available, then the fraction unbound increases »pre¢ipitousty with 


concentestion> 


The model predicts that plasma protein binding and blood cel! 
partitioning affect the extraction ratio in the manner shown in 
Equation 19. Many drugs that are highly bound are also highly 


cleared. Examples are bromosuphthalein BSP( 62), lidocaine (147) 


and propranolol (75). For such compounds, although the drug can 


be rapidly removed from the site, dissociation from plasma proteins 
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and blood cells is even more rapid 2 that binding does not rate 
Limit elimination, and al | drug, whether bound or unbound, is 
available for elimination as the drug moves through the sinusoids, 
Mathematically, this condition exists when A' greatly exceeds blood 
flow. For the poorly cleared compounds, increasing the fraction 
free should directly increase the extraction ratio and clearance 
(flow greatly exceeds A' and ER approaches AN). Indeed the 
work of Levy et al (76) showed that for the highly protein bound 
and poorly cleared drug, warfarin, (<< 1%), its plasma clearance 
was di rectly proportional. to the fraction unbound. A similar 
qictaten on obtained by examining the clearance of warfarin with 
albumin concentration In the perfused rat liver in situ preparation 
(157). For drugs with intermediate extraction ratios, the degree 
of protein binding and blood cell partitioning influences the 


extraction ratio and clearance nonlinearly as shown In Equations 19 


and 20. 


Other pharmacokinetic parameters are also examined with respect 
to the influence of _— protein binding and blood cell partitioning. 
The relationship of the availability of.a compound with a and A 
is shown In Table |. For drugs with high extraction ratios, the degree 
of protein binding bears inverse relationship with A' great ly 
exceeds blood fléw). For a poorly extracted drug, availability is 
unaffected by the * ee of binding or partitioning (flow greatly 
exceeds 5 AN, and for drugs with intermediate extraction ratios, 
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availability changes nontinearty with the degree of plasma protein 
binding and blood cell partitioning as shown In Table |. 


‘The area under the blood-concentration-time curve for a single 
_oral dose as predicted by Model | is given in Tale |. It is seen 
that the area under the blood-concentration-time curve for a single | 
oral dose varies inversely with . for drugs irrespective of the 
extraction ratio. When the area under the curve is based on the 
concentration of drug unbound in the plasma, (AUC unbound, plasm opa)) 
it is found to be constant (Dose/A') with > On the other a ‘ 
when the area under the blood-concentration time curve a single 
intravenous dose with a and A is want ent (Table 1), the binding 
parameters (a and A) do not influence the area under the blood- 
concentration time curve for highly extracted compounds S A' greatly 


exceeds flow) whereas for the poorly extracted compounds, the area 


undef the curve varies inversely with + (flow exceeds 5 ANs For 


drugs with intermediate extraction ratios, the area changes 
nonlinearly with a and A as in Table I When the area under the 
curve is based on the concentration of the drug unbound in the 
plasma (AUC unbound, plasma,,), it is found to be equal to 


Dos e/( id A' + %,). The availability of a drug via a certain route 


of administration as measured by a comparison of the area under the 


b lood-concentration-time the curve to that of the intravenous area 
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under the blood-concentration-time can also be calculated by comparing 
thé area under the curve based on the unbound drug concentration In 
plasma to that of the intravenous dose. in this respect, the problem 
that may arise when protein binding and blood cell partitioning are 


changing from study to study is alleviated. 


Model | predicts that the steady state blood concentration on 
constant oral administration is inversely related to the hepato- 
cellular activity (A') one - , as In Table |, Irrespective of the 
extract ion ratio of the drug. When the steady state concentration 
Is expressed as the unbound concentration In plasma, it is found to 
be constant and independent of a and A and equals Dose/A'. Similar | 
theoretical analysis was arrived at by Rowland (73). When the 
drug is given by constant infusion, the plateau blood concentration 
is given as in Table |. The manner in which a and A influence the 
steady state blood concentration will depend on the extraction ratio. 
of the drug (relation of 2 A' to flow). For drugs that are highly 
cleared, where clearance approaches blood flow, the steady state 
concentration is independent of the binding parameters. in contrast, 
for drugs with low extraction ratios, the steady state blood | 


concentration upon constant infusion varies inversely with ~ ( flow 


greatly exceeds A'),. In this instance, the steady state 
concentration when expressed as the unbound plasma concentration 
would be a constant (Dose/A') and independent of a and A. 


This was again incorporated in Rowland's analysis (73). For drugs with 


} 
| | 
. 
a 


intermediate extraction ratios, the steady state blood concentration 


changes nonlinearly with a and A as shown in Tele |. 


, While tt, is important to examine the Influence of protein 
binding and blood cell partitioning on the various pharmacokinetic 
parameters as previously mentioned, it is more important to examine 
the unbound drug levels and see the influence of the binding para- 

meters on the unbound concentration. As stated previously (Page 209),° 

it is the unbound species that equilibrates within tissue, exerts | 
ph armacol ogi cal responses and exhibits toxicities. 


3. Hepatocellular Activity or Eliminating Capacity of the System 
(Term A') 


Much discussion has been devoted to the influence of —" flow 

and plasma protein binding and blood cell partitioning. Equally 
“Gmportant is the hepatocellular activity (term A') which is comprised an 
of the enzymatic constants Vmax and Km (A' = Vmax/Km). Phenobarbital . 

and lindane are well known inducers which effectively feduce the 
half-life of poorly extracted compounds such as antipyrine (158448). 
Phenobarbital was known to induce microsomal enzymes and effectively 

increase the Vmax values for the metabolism of dipheny!hydantoin 

(159, 160). Furthermore, A' can be modified by the presence of 


inhibitory substances (metabolites) as shown previously (Page |65). 
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According to Model |, theoretical analysis has shown that the 
extraction ratio of a drug depends on the relationship of hepato- 
cellular activity (A') of the system to the blood flow as in 

aafquat on 19. When the value of A’ is low with respect to blood 
flow, the eteestees ratio of the drug Is low, and vice versa (when 
A' exceeds flow, extraction ratio Is high and approaches the value 
of one), and for values of A' compared 16:to blood flow, the extraction 
ratio of the drug has intermediate values. | 


The effect of the term A' on other pharmacokinetic parameters 
is tabulated in Table |. The Influence of A' on the aval lability 
of a compound depends again on the value of A’ with respect to 
blood flow. Should A' be much greater than flow (highly cleared 
compound), then the availability is inversely related to A'. 
Contrastingly should A' be much less than flow, then avai lability 
is essentially complete (equals one) and independent of A’. If 

ape? A' and blood flow have comparable values, then the availability 
will be an intermediate velue. 


As shown previously (Pages 210 and2Ii!) the area under the 
curve based on unbound drug in the plasma for a single orél dose as 
well as the steady state unbound plasma concentration following 


constant oral administration of a drug are all inversely related 


to the term A'. Variations in A' will be Inversely translated into 


these parameters. The area under the blood-concentration-time curve 


“fol lowing a single intravenous dose and the steady state concentration 
of the drug in blood following constant Infusion are indirectly 
‘retated to A' through their inverse relationship with clearance and 
extraction ratio (Table |). When the extraction ratio of the compound 
4 is high, then clearance approaches blood flow and slight alterations 
‘ in At do not affect clearance. Whereas in situations where clearance 
of e compound approaches A' (poorly cleared compound), then altering 
A' will change the pharmacokinetic parameters (area and steady state 
concentration) In a reciprocal manner. Drugs having intermediate 
extraction ratios will change in a nonlinear fashion with A' as in 
Table |. 


4. Generation of Metabolite Da 


The formation of metabolites from the parent compound plays 


important role in pharmacology and toxicology. There are cases when 
the metabol ites generated are active or more active than the parent 
compound (161) or that they are toxic and exhibit toxic side effects 
that are undesirable (162). The potential for an unpredicted increase 
in activity or toxicity Is augmented when the metabolites are 
generated in high amounts and the levels are not monitored. Further- 
more, complications such as end product Inhibition may occur. An 
example is oxyphenbutazone, an active metabolite of pheny Ibutazone 
which Is capable of inhibiting the metabolism of its parent compound 


(139). Another example Is the inhibition of metabolism of 
dipheny Ihydantoin by its major metabolite 5-(p-hydroxy-pheny |)-5- 
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pheny Ihydantoin (163, 164). 


Model | predicts the formation of abolites which may or may 


not be intermediates for further metabolism. The potential for drug 


toxicity and unpredicted pharmacologic effect is greatest when drugs 


- 


are givep on a chronic basis. 


The prediction according to Model | on the steady state 
metabolite concentration in blood upon constant oral administration 
is shown in Equation 66. Under conditions where the binding 
parameters are |inear and in the case where the elimination of the | 
metabolite is rate limiting (A'y is much less than flow and A' 


greatly exceeds flow), the steady state metabolite concentration 


increases with blood flow. In cases where the rate of formation 
of the metabolite is rate limiting (A', is much less than flow and 
greatly exceeds. flow), then the steady state metebol ite 
| contentrat ton decreases with blood flow. In cases where the | 
eliminating capacity for the parent compound as well as the mete- 
bolite are large (A, and Ay great ly exceed blood flow), then the ) 


metabolite concentration is constant and is independent of blood flow. © 


According to the predictions by Model |, the steady state 
metabolite concentration in blood following constant infusion is 


given by Equation 67. Under conditions where binding parameters safe 


linear, and in the case where the eliminating capacity of the metabo- 


Page 216- 
/ 


lite is great compared to blood flow, the steady state metabol ite 
concentration decreases with increas ing stow and vice versa. Indeed 
Halkin and co-workers—(112) quantitated the metabolite MEGX following 
constant infusion of the parent drug lidocaine in patients with and 
without heart failure and found an increase in the levels of the ) 
met abol ite with decreased hepatic blood flow. This finding ts 
coincidental with the predictions of: Model | that the metabolite 
itself must also be highly cleared. Although the data avai lable is 
limited, it appeared from the kinetics of MEGX that it Is also highly 
cleared in man. In cases where the eliminating capacity of the 

met abol ite is low (flow exceeds A'y) the steady state metabolite 


‘concentration is not expected to change with blood flow according 


to predictions by Model |. 


Model | also affords a method for the estimation 6+ f, the 
fraction of the parent compound that is converted to the metabol ite 
under linear kinetic conditions. Following constant infusion (rate, 
R°) and when the met abol I te is very slowly cleared, the 8 
conversion from the parent compound can be estimated by aed times. 
the steady state concentration of the metabolite 
rate.in cases where the metabolite is highly cleared (A' p>) a 
plot of the steady state metabolite concentration versus the 


reciprocal of blood flow for a given rate of infusion (Equation 67) 


gives a slopeequal to f. rate of infusion. Thus f can be easily 


est imated. 
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5. Estimation of in vivo Vmax and Km 


The in vitro method of incubating enzyme(s) in its purified 
form or enzyme system(s) with substrate in the presence or absence 
of cofactors has prowieee a method for the estimation of the 
in vitro enzymatic parameters (Vmax and Km) governing the reaction 
(165). The Vmax and Km of the system can be estimated by the | 
convent ional Li neweaver-Burk or Eadi e-Hofs tee type plots where the | 
slopes and the intercepts of these plots give the values of Vmax 
and Km (166). While It is relatively simple to Interpret data from 
the in vitro situation (the substrate concentration Is given by the 
initial concentration of substrate and the velocity of reaction is ; 
‘given after the cessation of reaction), the estimation of enzymatic 
parameters from in vivo situations has been a complicated task. 
Obvious ly an accurate assessment of the weloctty of the reaction for 
an in vivo system can be assessed from steady state studies but the 
substrate concentration is not easily determined. As shown by 
Winkler and coworkers, the effects of using different "substrate" 
concentrations (liver hepatocyte concentration, influent concentration 
the average of the influent and effluent concentration and the geometric 
mean of the influent and ofttuant concentration) in the estimation of 
Km and Vmax of galactose furnished different Km values but arrived 
at the same value for Vmax in the isolated perfused pig liver 
preparation under steady state conditions (54). The values of Vmax 


are identical for the different "substrate" concentrations used in 
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thelr study. This is in accordance with the fact that at very high 


substrate concentrations, the mean concentration in the liver does 
not differ from the input or output concentrations, while the error 
rises when ‘the perfusate concentration becomes smaller. The Km 
values found using different expressions for "substrate" concentrations 
are considerably different as compared to the Km obtained for the 

real substrate (hepatocyte) concentration, e.g., for the erteriet 
(Input) concentrationas substrate, an overestimation of three fold 

is found (54). 


Lundquist and Wolthers (167) estimated the in vivo Km and 


Vmax for the metabolism of ethanol in man to be 2.03 mM and 
79.6 «meMale-/ min (equivalent to 9.227 gm/hr) which correlated 
very favourably when compared to the in vitro estimates Km and 


Vmax obtained using liver alcehote dehydrogenase, the enzyme 


Which is geftleratiybelieved to.be responsible for the first . 
stage of the metabolism of ethanol. Makar and Mannering (168) 
were also able to demonstrate a close correlation of the in vivo 


and in vitro estimates of Km and Vmax in the rat and monkey using 


ethanol as the substrate. As can be seen in these two studies, a 
- good correlation between in vivo and in vitro estimates exists even 
when the plasma concentration of ethanol is used in the estimation. 


This so because ethanol, being a very small molecule, distributes. 


essentially in total body water such that the blood, plasma and 
liver concentration are considered the same. Substitution of the 
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plasma concentration for the substrate concentration (liver 
concentration) still provides the true estimates of Km and Vmax. 


Model | provides a method for the estimation of the in vivo 
qmyest tc parameters as the effluent concentration of the compound ~ 
in blood is in equilibrium with that In the liver. In this model, : 
the velocity of drug removal can be expressed in terms of the 
effluent drug concentration (Co). | 


veloci ty of removal (v) = = men Equat ton 68 
2 km + Co 


where a is the plasma altel binding parameter and A Is the blood 
Li neweaver-Burk type plots of the velocity 
or renovel quantitated by blood flow times the concentration 
difference (V, - (Ci-Co)) against the effluent drug concentration 
In blood will furnish estimations. for Vmax and the apparent Km 


(apparent Km equals the true Km times 4), In instances where 


:* |, i.e., the drug distributes evenly in all tesues, then Km 


can be assessed directly. In cases where +! P ond when the 


binding parameters (a and A) are known, Km can still be estimated. 


This method, however suffers froma limitation for drugs that 
are highly cleared, i.e. drugs which have clearance values 


approaching hepatic blood flow. The true clearance values of these. 


highly extracted compounds may greatly exceed the value of b lood 
ce flow, but the measured quae". for clearance is the limi ting value 
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of blood flow. In this region, then clearance ceases to be a 
measure of Km and Vmax. An example of such an error is given by 
the method of van Ginneken and coworkers (169). Their method of 
back extrapolation of the linear portion of the curve to estimate 
Km and Vmax suffers the same limitation for a compound that is 
cleared very rapidly (or drugs with high extraction ratios). When 
the log concentration versus time profile is linear (concentration 
of substrate is low compared to Km), the slope of this straight | 
portion does not reflect the true clearance parameters (Vmax and 
Km) but rather measures blood flow divided by the volume. of 


distribution (W/Vy) for a drug with high extraction ratio as the 


‘cléarance is | Imited by blood flow when true value greatly exceeds 
the latter. An analysis of their data for ethanol showed that the 
elimination rate constant(k) can be calculated by the hepatic blood 
flow (1.5 L/min) divided by the volume of distribution (36.7L) to be 
2.1429 hr 7! as compared to their reported estimated value of 2.33 

bev! When their estimated Km value (4.5652 mM) Is compared to that 
obtained from Lundquist and Wolthers (167) an overestimation of 
2.25 times is seen. The Vmax is still estimated by their method at 
C,>> Km where clearance is no longer blood flow limited, rather it 
is capacity limited, and should reflect the true clearance parameters. 
The effect of blood flow on the estimation is also stressed by 

De drick and Forrester (170). 


/ 
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For poorly cleared compounds, Model | as well as the method 


provided by van Ginneken et al (169) are adequate to estimate the 


_ parameters of Km and Vmax. 


__ Another possible source of error that may arise in the 
estimation of the enzymatic parameters is when the arterial concen- 
tration is used instead of the venous concentration in the | 
estimation of Km and Vmax. This can be demonstrated in the fol lowing 
example in a situation where a drug is Introduced by constant infusion 
at a rate (R°) and when steady state conditions are reached, the rate 


in = rate out. 


R° = (C, - Cy) = Cv_ Equation 69 
Km + Cv 


Cy and Cy are the steady state concentrations of drug in the arterial 
and venous blood respectively. For simplicity sake, the concentration 
of drug in the liver is set equal to the venous concentration, i.e., 


‘ .° |. The venous blood concentration at steady state is given by: 


Km Equation 70 
(Vmax- R®) true 
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If instead, the arterial side Is sampled, then the steady state 


arterial concentration is given by: 


(Vmax Km ) 
Vp 
R®° K 
“(Vmaxe Mapp Equation 7] 


One can see that instead of the true Km, the apparent Km is measured. 


max + Vp Km, 


| 
Kopp Equation 72 


av” 


All the above is based on drug elimination describable by a simple 
Michaelis-Menten: kinetics with only an uni-enzyme system characterized 
by its Vmax and Km. Cases where. mul ti-enzyme systems with alternate 
routes of metabolism or extrahepatic elimination present are not 
considered in the analysis. Cases where the biotrans formation 


process is sub jected to substrate inhibition and complete product 


inhibition C171) are also not considered in the above analysis. 


= 
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Be Qualifying Remarks 


So far a mode! for hepatic drug clearance is examined and 
accepted to have predictive properties. This model is adequate 
to describe the kinetics of a drug In the body when the drug Is 
totally hepatical ly cleared, or when the majority of elimination 


occurs in the liver. However, a drug can also be eliminated to a 
good extent extrahepatically, usually via the renal route of 
elimination. In such Instances, the model (though stil! holds 
true) may not be adequate to reflect total body clearance of the 
drug (total body clearance is the sum of the individual clearances). 
Changes of blood flow, protein binding or the eliminating capacity 
of the enzyme system may or may not affect extrahepatic clearance 
to the same degree as the hepatic clearance. it is difficult to 
dissect what portion of changes is associated with hepatic clearance 

or extrahepatic clearance when a change in the total body clearance 

is observed. ferthaenre, gut wall metabolism in the gas tro- 

intestinal tract is not considered in the model. An error can 

eas | ly arise when the sum of the clearances due to ont wall meta- . 
bolism and that due to hepatic elimination is taken as the hepatic 
clearance of the drug. These factors should be taken into consi- 

deration when one is apply ing the model to predict drug clearance 

or other pharmacokinetic parameters. The best predictions are 

obtained when the model is applied to drugs that are total ly 


hepatically cleared. 
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Appendix |, Matertal and Suppites 


Nembutal® Penotbarbita!) 
Injectable 50 mg/ml 


Pentafluorobenzoy! chloride 
Sodium Chloride Solution 0.9% 
(Normal Saline) 

Lactated Ringers Solution, U.S.P. 
Polyethylene tubing 

PE 240 

Dextran T 40 

Bovine Serum Albumin 25% 
(Tyrode's Solution) 


Intramedic® Luer-Stub Adapters 
Gauge 15 


Three-way and Four-way Stopcocks 
Detrose Injectable U.S.P. 
50% 
Aquasol 
Folin Reagent 
Out Dated Human Whole Blood 
Safti.Blood Administration Set 


Code 889-84 
Whatman #1 Filter Paper - 
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Abbott Labs. 
Chicago, Illinois 


Pierce Chemical Co. 
Rockfield, Illinois 


Traveno! Lab. Inc. 
Deerfield, 


Traveno! Lab. Inc. 
Deerfield, Iltinois 


Clay Adams Co. 
Parsippany, New Jersey 


Pharmacia Fine Chemicals Inc. 


Piscataway, New Jersey 


Sigma Chemical Co. 
St. Louis, Missouri 


Clay Adams Co. 
Parsippany, New Jersey 


Clay Adams 
Parsippany, New Jersey 


Travenol Labs. Inc. 
Deerfield, Illinois 


New England Nuclear Corp. 
Boston, Massachusetts 


Har leco | 
Philadelphia, Pennsylvania 


Irwin Memorial Blood Bank 
San Francisco, California 


Cutter tabs. 
Berkeley, California 


W & R Balston Ltd. 
England 


on 


Appendix 11. Material: and Supplies Cont'd 


Hollow Fiber Oxygenator 
Bentley Partial Bypass 
Rats, Sprague-Dawley 
Cathlon IV Cathater Placement Unit 


14 Gauge, 2 1/2" 

Cathion IV Catheter Placement Unit 
16 Gauge 2 1/2" 

Surgical Silk 0-0 

Microfuge tubes 


Carbogen (95% oxygen, 5% carbon Dioxide) 
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Edwards Labs. 
Santa Ana, California 


Coast Medical Corp. 
Walnut Creek, California 


Simmonson 
San Francisco, California 


Jelco Lab. 
Raritan, New Jersey 


Jelco Lab. 
Raritan, New Jersey 


Dakneta! 
San Jose, California 


Beckman Instruments Inc. 
Palo Alto, California 


Ohio Medical Products 
Madison, Wisconsin 
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Appendix I!. Equipment 
Vart-Whirl Mixer 


"Tilt-Type” Mixer 


Beckman Research pH Meter 
Model 1019 


Tricarb Scintillation Counter 
Cary 15 

Microfuge Centrifuge 

Oxygen Electrodes 

Tyco Aneroid 
Peristaltic Pump 


“Model 1202 


Gas Chromatograph 
Varian Series 1200 


Centrifuge 
HN-S Centrifuge 


Magnestir 
PYro-magnestir 


Dianorm 


Perfusion Apparatus 
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Van-Lab. 
Scientific Supplies Co. 
U.S.A. 


Linson Instruments 
Stolkholm, Sweden 


Beckman Instruments Inc. 
Palo Alto, California 


Nuclear Chicago 


Beckman Instruments Inc. 


Palo Alto, California 


Beckman Instruments Inc. 
Palo Alto, California 


‘Rad lometer 


Copenhagen 


American Hospital Supplies 
South San Francisco, California 


Harvard Apparatus Co. > 
Millis, Massachusetts 


Varian 


Palo Alto, California 


International Equipment Co. : 
Needham Heights, Massachusetts 


Lab-Line Instruments Inc. 
Melrose Park, II linois 


Scientific and Medical Instrumentation 
CH-Esslinger Switzerland 


Home Bullt by Mr. Norman 0. Henry 
University of California 
School of Pharmacy 
San Francisco, California 
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